Best  Available  Copy 


ftf). 


ocoORT  DOCUMENTATION  PAGE 


AD-A208  927 


'■b  RESTR.CTiVE  MARKINGS  _  ( 

N  /  A  _ 

J  distribution/ availability  Of  report 


■2Z2  i  ;  -  ~ 

"  t  »  *j  >  l  L  L  l 


8a.  NAME  Of  funoinG/ SPONSORING 
organisation 
Strategic  De  tense 
Initiative  Oreaniration 


8<L  AOORESSlCfy.  Suit,  j nd  ZIP  Coot) 


IS.  PERSONAL  AuiWOR(S) 

Michael  W.  3eras 


1 3a.  TYPE  Of  REPORT 

Final 


IMITATION  REPORT  NUMBERlS! 


'in  1  isi  i  ted 


S  'VO  N  l  T  O  *  I  Nfj  O  RO  AN!  J  A 1 ION  NtJMtJfc  <?.  Vi 


64.  NAME  o f  ^FORMING  ORGANISATION  bb.  OFF>C£  SYMBOL  /*.  NAME  OF  MONITORING  ORGANISATION 

University  of  California  (lf  *opi«*t>it)  OSD/SDIO/TA 

N/A  Technology  Application  Program 


6c  AOORESS  (G'ty,  5far».  tnct  ZlPCode)  7b  AOORESSIGry,  State.  tna  ZIP  Coat) 

Beckman  Laser  Institute  &  Medical  Clinic  OSD/SDIO/TA 

L002  Health  Sciences  Road  East  Washington,  D.C.  20301-7100 

Irvine,  California  92715 


3b,  OPP'CE  SYMBOL  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(If  tophciblt) 

N000L4-86-k-Ql 15 


10  SOURCE  OP  FUNDING  NUMBERS 


D.C.  20301-7100 

P^'OGnA*/ 

PROJECT 

TAS< 

WQRK  UNI 

ELEMENT  NO. 

I 

NO. 

NO. 

ACCESSION 

1  TITLE  ( Include  Security  CUiSihcitionl 

^  Biomedical  Studies  with  the  Free  Electron  Laser  (U) 


13b.  TIME  COVERED  la  DATE  Of  REPORT  (Ytir.  Month,  0*y) 

FROM  2/1/86  to  1/31/88  5/15/39 


COSATI  COOES 


GROUP  5U8-GROUP 


13.  SU3JECT  TERMS  (Continue  on  reverse  if  necetuiy  und  lOtntiry  Oy  block  numoer) 

Free  Electron  Laser,  autoradiography 


19.  ABSTRACT  ( Continue  on  reverse  if  necessary  jnd  identity  0y  OlocX  number) 


See  Summary  of  Work  Completed  Pages  3-5. 


Approved  lor  public  ai« 

Dtatrtbudoo  Ualimitad 


DTIC 

^  ELECTE 

JUNO 6  1989 

0  1H  ! 


2Q  OiSTRiBuTiON/ availability  Of  ABSTRACT  I  ABSTRACT  SECURITY  CLASS'f  iCaT.On 

GJuNCLASSiPiED'UNLiMiTED  □  SAME  AS  RPT  Gone  USERS  ’J 


12  a  name  Of  RESPONSIBLE  .noivOual  2  2b.  TEi_E PnONE  ;/rK/uoe  Area  GxJeJ  22  c.  Office  jt'.'BOL 

Nick  Montanarelli  /Michael  Marron  (202)  693-1556  0SD/SDI0  T 


DO  FORM  1  473,  23  MAR  3!  if R  Miiion  I"**  oe  uwo  unm  e.ruuiiro  SECURi  Ty  CLASSlf iCA  Ticin  Of  'wiS  Rat 

At!  Otn*f  Jftf  00*Qt<?t<*  ‘ 


Best  Available  Copy 


FINAL  TECHNICAL  REPORT 


Biomedical  Studies  with  the  Free  Electron  Laser 


Contract  Period:  2/1/86-2/1/88 
Contract  No. 

Contractee:  Beckman  Laser  Institute 

Medical  Clinic 

Principal  Investigator:  Michael  W.  Berns,  Ph. 


1 

ft48&v  -6  -05-  159 


and 

D. 


6  f  V  O 
h  « 


TABLE  OF  CONTENTS 


1.  Summary  of  Work 

2.  Index  of  Technical  Reports  (Progress  Report  4/15/88) 

3.  Index  of  Publications:  26  abstracts  of  work  presented 

23  published  papers 


2 


SUMMARY  OF  WORK  COMPLETED 


The  original  objectives  of  this  project  were  to  initiate  studies 
on  the  University  of  California  Santa  Barbara  Free  Electron  Laser 
(wavelength  range  1  micron  to  1  millimeter)  and  explore  the 
potential  biological  and  medical  effects  and  applications  in  this 
wavelength  range.  Following  initiation  of  the  studies,  it  was 
realized  rather  quickly  that  the  limitations  of  current  FEL 
technology  (not  only  for  the  Santa  3arbara  FEL)  would  really 
restrict  the  studies  for  the  contract  period  to  a  wavelength  range 
of  100-200  micrometers  on  the  FEL.  After  full  discussions  with  the 
contract  monitor  (C.  Houston) ,  a  much  broader  ranger  of  contract 
objectives  was  outlined  as  secondary  "spinoff"  goals  of  this 
project  (see  attachment  A  to  this  summary) .  These  goals  were 
consistent  with  those  projected  for  other  SDIO  MFEL  funded  sites 
(Utah  and  Harvard,  in  particular) .  Work  on  these  secondary  goals 
involved  studies  in  the  following  areas:  (1)  laser  plus  dye 
photosensitization  of  cancer,  (2)  laser  tissue  interactions  for  the 
study  of  atherosclerosis,  (3)  pulsed  laser  effects  on  the  eye,  (4) 
laser  application  in  genetic  engineering  and  cell  proliferation, 
(5)  pulsed  laser  surgery,  and  (6)  pulsed  laser  mutagenesis.  Over 
22  papers  and  24  abstracts  have  been  published  as  a  direct  result 
of  the  studies  funded  from  this  contract  (see  attachments  in 
appendix  3) . 

The  primary  studies  on  the  FEL  were  conducted  at  two  wavelengths, 
165  and  200  micrometers.  These  were  the  first  studies  in  the  world 
conducted  in  this  wavelength  range  on  live  biological  material. 
The  publication  resulting  in  the  journal  Photochemistry  f nd 
Photobiology  (46:165-167,  1987)  was  the  first  such  study  published. 
This  study  demonstrated  a  clear  effect  of  the  200  micrometer  FEL 
wavelength  on  DNA  synthesis  \n  a  subpopulation  of  growing 
epithelial  cells  from  the  kidney  of  the  rat  kangaroo.  In  addition 
to  demonstrating  a  new  phenomenon  that  can  be  extrapolated  to  other 
biological  systems,  these  studies  also  established  the  protocol  and 
parameters  for  the  use  of  the  far  IR  FEL  in  biomedicine. 
Parameters  such  as  beam  profile  and  fluence  were  determined  in 
addition  to  the  actual  logistics  of  conducting  the  experiments. 
The  first  three  experimental  series  were  conducted  by  remote 
control  with  the  cells  contained  within  the  laser  room  and 
monitored  by  video.  The  latter  series  of  experiments  were 
conducted  in  a  user  room  where  the  FEL  beam  was  transmitted  via 
reflectors  from  the  laser  vault.  The  results  of  all  of  these 
experiments  is  included  in  the  progress  report  dated  4/15/88  and 
is  included  in  section  2.,  Technical  Reports.  The  overall 
conclusion  of  these  experiments  was  that  the  two  different  IR  FEL 
wavelengths  tested  could  be  used  to  affect  either  RNA  or  DNA 


selectively:  165  micrometers  affected  RNA  synthesis  and  200 

micrometers  affected  DNA.  This  finding  could  have  far  reaching 
implications  for  both  the  study  of  nucleic  acids  in  vivo  and  in 
vitro,  and  possibly  for  the  selective  manipulation  of  these 
molecules  (and  their  synthesis)  in  living  systems.  Of  particular 
importance  is  gaining  an  adequate  understanding  of  the  nature  of 
the  phenomena.  Further  studies  are  being  conducted  to  elucidate 
the  biological  (cellular)  nature  of  the  observations  as  well  as  the 
physical-chemical  basis  for  them.  These  are  major  objectives  of 
the  current  contract. 

The  secondary  objectives  of  the  contract  were  to  study  laser 
tissue/cellular  effects  with  the  ultimate  determination  of  optimal 
laser  parameters  for  a  biomedical  FEL.  The  over  40  papers  and 
abstracts  published  as  a  result  of  this  contract  funding  are 
included  in  Section  3  of  this  report.  Below  are  listed  the  general 
highlights  of  these  studies.  Please  refer  to  the  appropriate 
article/abstract  for  further  detail. 

1.  Dye  plus  laser  photosensitization  of  cancer.  Significant 
progress  was  made  in  elucidating  the  fundamental  photophysical 
and  structural  basis  for  tumor  destruction  by  this  method.  The 
mechanism  appears  to  be  singlet  oxygen  mediated.  The 
subcellular  target  sites  vary  depending  upon  the  type  of 
photosensitizer  used  (chlorins  for  lysosomes,  porphyrins  for 
mitochondria  etc) .  At  the  tumor  level,  the  destruction  appears 
to  involve  breakdown  of  the  tumor  vasculature. 

2.  Laser  effects  on  atherosclerotic  disease:  In  this  area  a 
variety  of  studies  were  conducted  in  which  CW  and  pulsed  lasers 
were  examined  with  respect  to  their  potential  to  remove  plaque 
from  blood  vessels  either  surgically  or  non-surgically  through 
a  catheter.  The  most  promising  results  have  come  with  the 
pulsed  excimer  laser  operating  at  308  nm.  However,  other 
studies  using  pulsed  IR  wavelengths  from  the  Erbium: YAG  laser 
at  2.9  microns  show  promise  because  of  the  ability  to  cut  hard 
calcified  bone.  This  result  would  suggest  that  an  FEL  emitting 
in  the  near  and  mid-IR  region  might  be  effective  for  this 
application.  These  wavelengths  might  have  advantage  over  the 
excimer  UV  wavelengths  because  of  the  reduced  risk  of 
mutagenesis . 

3.  Pulsed  laser  studies  in  the  eye.  Pulsed  frequency  doubled  YAG 
laser  (532)  was  investigated  for  its  potential  to  perform 
retinal  surgery.  The  characteristics  of  single  pulses  versus 
a  train  of  pulses  were  examined  in  rabbit  eyes.  The  results 
suggest  that  a  rapidly  pulsing  doubled  YAG  laser  can  be 
effective  in  producing  controlled  retinal  burns.  In  another 
study,  the  pulsed  193  nm  excimer  laser  was  investigated  for  its 
potential  to  produce  controlled,  precise  ablation  on  the 
cornea.  These  studies  involved  light  and  electron  microscopic 
analysis  of  acute  and  long  term  lesions.  In  addition,  the 
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first  study  demonstrating  a  thermal  component  to  the  ablation 
process  of  a  pulsed  excimer  laser  was  conducted  and  published. 
This  study  employed  thermal  camera  which  was  purchased  with 
contract  funds  and  will  provide  valuable  data  in  the  future  on 
pulsed  laser  effects. 

4.  Genetic  and  cell  motility  experiments.  Studies  with  pulsed 
frequency  doubled,  tripled,  and  quadrupled  YAG  laser 
wavelengths  were  undertaken  in  order  to  manipulate  cell 
genetics  and  cell  motility.  These  studies  resulted  in  the 
demonstration  of  laser-induced  gene  insertion,  and  laser 
microsurgery  of  the  subcellular  cytoskeleton.  In  addition  to 
producing  valuable  information  on  the  nature  of  pulsed  laser 
effects  on  cells,  these  studies  also  revealed  important 
information  in  cell  biology  and  genetics.  Furthermore,  the 
studies  demonstrated  a  major  future  role  for  pulsed  laser 
effects  in  the  manipulation  of  cells  and  tissues.  Since  the 
FEL  will  be  a  pulsed  mode  laser  system,  studies  of  this  type 
are  invaluable  for  the  future  assessment  of  FEL  application. 

5.  Pulsed  laser  tissue  surgery.  Pulsed  infrared  and  ultraviolet 
lasers  were  used  to  study  the  potential  of  these  laser 
parameters  for  the  controlled  ablation  of  hard  tissue.  Of 
particular  interest  was  the  use  of  these  lasers  for  bone 
surgery  and  removal  of  hard  methacrylate  bone  cement.  They 
were  also  investigated  for  removal  of  atherosclerotic  plaque 
(see  previous  discussion) .  The  results  were  presented  at 
several  meetings  and  in  several  research  articles. 

6.  Pulsed  laser  mutagenesis.  Very  few  studies  have  been  conducted 
elucidating  the  mutagenic  effect  of  pulsed  lasers.  We  have 
published  a  definitive  study  examining  the  193  and  308  nm 
wavelengths  from  the  excimer  laser.  These  studies  showed  a 
clear  mutagenic  potential  of  both  of  these  wavelengths  and 
compared  them  to  a  standard  mutation  source.  Though  most  of 
the  effects  were  believed  to  be  a  result  of  single  photon 
absorption,  multiphoton  events  could  not  be  ruled  out  entirely. 
It  was  also  observed  that  even  though  mutagenesis  was  detected 
in  the  several  assay  systems  used,  the  amount  of  mutagenesis 
was  1-3  orders  of  magnitude  less  than  standard  mutation 
sources.  Notwithstanding,  it  is  still  of  importance  to  define 
the  levels  of  mutagenesis  when  pulsed  lasers  are  being  used 
and,  in  particular,  to  determine  if  high  fluences  and  peak 
powers  can  best  result  in  multiphoton-induced  mutagenesis. 

In  summary,  considerable  progress  was  made  in  achieving  the  primary 
goal  of  this  contract:  studies  on  the  biological  effects/potential 
of  the  FEL.  Enormous  progress  was  made  in  the  secondary 
objectives,  which  focused  on  elucidating  the  mechanisms  and  effects 
of  pulsed  lasers  on  tissue.  This  information  will  be  important  in 
the  overall  consideration  of  FEL  design. 
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FEL  PROJECTS  -  BERNS 


A 


1.  Characterization  of  Far  IR  (25-200  um)  FEL  wavelengths  on  cell  growth,  DNA,  & 
RNA  synthesis. 


2.  Determination  of  wavelength  dependency  of  cellular  effects  (action  spectrum 
analysis  of  Far  IR  FEL)  in  order  to  elucidate  the  basic  mechanisms  of  photon 
interaction  (Photon  -  Photon  interactions). 


3.  Elucidation  of  usual  parameters  (using  conventional  lasers)  desirous  in  an  FEL  for 
basic  biological  studies. 

(a)  cell  structure/function 

(b)  cellular  diagnostics 

(c)  tissue  biophysics/optics 

(d)  non-linear  multiphoton  events. 

(e)  optical  levitation 

4.  Elucidation  of  laser  parameters  (using  conventional  lasers)  desirous  in  an  FEL  for 
medical  and  veterinary  treatment/diagnosis. 

(a)  laser  angioplasty 

(b)  Photodynamic  therapy /diagnosis 


(c)  hard  tissue  (bone)  surgery 


(d)  pulsed  laser  ablation  of  eye  (corneal)  tissue 

(e)  analysis  of  laser  tissue  -  interaction  bi-products  (safety) 
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ABSTRACT 

Th?  electrostatic  VandeGrAf f  FEL. at  the  University  of  California,  Santa 
Barbarau,was  used  to  study  the  effects  of  infrared  radiation  on  the 
"ynthesis  of  DNA  and  RNA  in  living  vertebrate  cells  in  culture.  The  laser 
was  operated  ajj  wavelengths  of  165  and  200  microns  at  power  densities  of 
0.1  -  30  KW/cm  .  Cells  were  incubated  in  radioactive  precursors  to  either 
DNA  or  RNA  following  exposure  to  the  FEL  and  analyzed  by  light  microscope 
autoradiography.  The  results  indicated  that  the  200  oft  wavelength 
inhibited  DNA  but  noc  RNA  synthesis  in  a  subpopulation  of  cells  and  the  165 
micron  wavelength  inhibited  RNA  synthesis  and  not  DNA  synthesis.  The 
statistical  significance  for  the  200  micron  wavelength  studies  was  p  = 

0.05  and  for  the  165  micron  wavelength  studies  p  «  0.001  -  0.005.  _ _ - 

PROJECT  OBJECTIVES 

The  main  objectives  of  this  research  are  to  determine  if  the  FEL  has  unique 
biological  effects  and  if  these  effects  can  be  used  (1)  to  shed  light  on 
basic  biological  processes,  and  (2)  to  develop  clinical  diagnostic  and 
therapeutic  procedures. 

EXPERIMENTAL  RESULTS 

In  our  initial  studies  (Berns  and  Bewley,  1987),  we  demonstrated  that  the 
Santa  Barbara  FEL  operating  at  200  microns  (100  W/ctu  /pulse)  caused  an 
inhibition  of  DNA  synthesis  in  a  statistically  significant  number  of  cells. 
This  was  one  of  the  first  experimental  studies  using  the  FEL  on  a  living 
biological  system.  Subsequent  studies  with  the  same  wavelength  looking  at 
RNA  synthesis  by  uridine  autoradiography  indicated  no  effect  on  the  cells, 
thus  suggesting  a  selective  effect  of  the  200  micron  wavelength  on  double 
stranded  nucleic  acid  (DNA).  The  statistical  significance  of  these  studies 
was  at  p  ■  0.05  level.  These  results  were  reported  at  the  Seventh  Annual 
Meeting  of  the  American  Society  of  Lasers  in  Surgery  and  Medicine  in  San 
Francisco  (Berns,  Bewley,  Elias,  and  Jaccarino). 

More  recent  studies  have  employed  the  Santa  Barbara  FEL  operating  at  165 
microns  with  a  pulse  width  of  1  us.  The  laser  energy  was  approximately  1 
mj  per  pulse.  The  pulse  repetition  frequency  was  .33  Hz.  The  optical 
transport  of  the  EEL  provided  a  beam  focused  to  a  spot  with  a  !/•* 
half-width  of  approximately  1  mm. 


The  culture  chambers  were  placed  with  their  window  surfaces  at  the  focus. 
Each  window  was  covered  by  a  mask,  with  a  4  mm  diameter  aperture  in  it.  The 
beam  spot  from  the  FEL  was  located  to  within  +1  mm  of  the  center  of  the 
aperture  with  the  HeNe  alignment  beam  provided.  The  energy  per  pulse  of 
the  beam  was  measured  using  a  Laser  Precision  RYP  735  RF  pyroelectric 
detector.  The  reflectivity  of  the  detector  element,  as  measured  by  Mayer 
et  al.,  1986  was  accounted  for  in  determining  the  absolute  energy  per 
pulse.  A  Mylar  beam  splitter  in  the  path  of  the  incident  beam  provided  a 
reference  signal  that  was  used  to  monitor  the  energy  per  pulse  during  the 
experiment.  The  reference  detector  was  a  Moiectron  model  P3-01 
pyroelectric  detector  and  was  calibrated  with  the  Laser  Precision  detector 
mentioned  earlier.  Tl>^  power  density  per  pulse  at  the  center  of  the  beam 
was  typically  30  kw/cm  .  The  transmission  cf  the  quartz  windows  was 
determined  from  the  ratios  of  the  sample  and  reference  signals  with  the 
windows  alternately  placed  into  and  removed  from  the  sample  beam  path.  The 
transmission  of  the  wirdow  was  found  to  be  approximately  84Z.  The 
transmission  of  a  window  with  cells  on  it  and  no  adjacent  fluid  was 
measured  similarly  and  did  not  vary  from  the  simple  window  case  to  within 
the  1Z  accuracy  of  the  measurement. 

The  cell  cultures  in  this  experimental  series  received  either  50  or  100 
pulses  from  the  FEL.  Cells  were  placed  into  a  37 °C  incubator  immediately 
following  jxposure  to  the  FEL  and  transported  to  Irvine  where  they  were 
incubated  in  either  tritiated  thymidine  (DNA  precursor,  2.5  ^Ci/ml)  or 
tritiated  uridine  (RNA  precursor,  5  yCi/ml) .  The  exposure  to  the  nucleic 
acid  precursor  occurred  up  to  3  hours  following  exposure  to  the  FEL  and  was 
for  a  duration  of  12  hours  for  the  uridine  and  36  hours  for  the  thymidine. 
The  cells  were  then  subjected  to  standard  autoradiographic  analysis  in 
order  to  determine  if  the  irradiated  cells  exhibited  any  alteration  in  DNA 
or  RNA  synthesis  as  compared  to  control  populations.  The  control  cells 
were  cells  in  the  irradiation  chamber  that  were  shielded  from  the  FEL  beam 
by  the  metal  ring.  The  autoradiograms  were  scored  blindly  by  a  person  not 
familiar  with  the  experimental  series.  A  second  individual  scored  a  random 
number  of  the  experimental  chambers  in  order  to  verify  the  accuracy  of  the 
first  individual.  The  results  indicated  that  at  165  microns  RNA  synthesis 
was  inhibited  and  DNA  synthesis  was  unaffected.  The  statistical 
significance  of  this  study  was  high,  p  =  0.001  -  0.0005.  The  data  for 
both  the  200  urn  and  165  micron  studies  are  presented  in  the  following 
table . 

Though  the  dosimetric  parameters  for  the  two  wavelengths  used  were  not 
identical  (due  to  technical  difficulties  with  the  FEL),  the  results  3re 
intriguing  nonetheless.  It  appears  that  two  different  nucleic  acids  can  be 
affected  selectively  as  a  function  of  wavelength.  The  nature  of  these 
effects,  and  whether  or  not  an  action  spectrum  of  the  response  can  be 
determined  are  subjects  for  future  experimentation. 


Cells  With  "Light"  Radioactive  Label 


165  [i  m 

( x 

100  pulses 
of  500  cells) 

50  pulses 
(x  of  500  cells) 

uridine  experimental 

359.20 

388.6 

uridine  control 

327.26 

348.3 

p  =  .001-. 005 
.'.  sig.  diff 

thymidine  experimental 

43.7 

39.2 

thymidine  control 

33.1 

42.2 

p  =  .09  -  .11 
no  sig.  diff. 

200  u  m 

( 

100  pulses 
x  of  100  cells) 

100  pulses 
(x  of  100  cells) 

uridine  experimental 

68.6 

70.4 

uridine  control 

63.5 

64 

p  *  .6  -  .7 

no  sig.  diff. 

thymidine  experimental 

70 

74 

thymidine  control 

43 

43 

p  =  .05 

sig.  diff. 


FUTURE  COALS 


The  major  objectives  of  future  studies  arr  (1)  to  determine  action  spectra 
for  the  effects  on  both  nucleic  acids,  (2)  to  determine  if  there  is  a 
relationship  between  the  phase  cf  the  cell  cycle  and  the  observed  response, 
(3)  to  employ  additional  biological  assays  such  as  protein  synthesis  and 
membrane  transport  assays. 
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lizer  subsequently  reacts  with  ccl'u- 
lar  oxygen  and  results  in  the  produc¬ 
tion  of  active  cytotoxic  radicals  leading 
to  tumor  destruction  While  numerous 
compounds  have  been  tested  as  selec¬ 
tive  photosensitizers  of  malignant  cells. 
HpD  has  received  the  most  attention  as 
a  selective-tumor-localizing  photosen¬ 
sitizer  ( i ). 

While  PDT  can  be  used  to  reduce  rel¬ 
atively  large  tumors,  it  appears  to  be  es¬ 
pecially  advantageous  in  the  treatment 
of  thin  superficial  tumors  easily  accessi¬ 
ble  to  light.  Since  photosensitizers  have 
been  used  in  dermatology  to  enhance 
the  therapeutic  effects  of  light  in  treat¬ 
ing  a  wide  variety  of  disorders  includ¬ 
ing  vitiligo  and  psoriasis,  a  logical  ex¬ 
tension  of  PDT  would  seem  to  be  in 
the  local  treatment  of  malignant  lesions 
involving  the  skin.  While  good  results 
have  been  reported  in  the  treatment  of 
dermal  recurrences  of  breast  cancer  and 
basal  cell  carcinomas  (2).  PDT  of  ma¬ 
lignant  melanoma  has  not  been  demon¬ 
strated. 

The  purpose  of  this  study  is  to 
compare  the  effectiveness  of  PDT 
in  causing  selective  tumor  necrosis 
of  human  xenograft  amelanotic  and 
melanotic  malignant  melanoma  in  the 
athvmic  nude  mouse  model.  Several  re¬ 
ports  have  indicated  that  tne  histology, 
growth  characteristics,  biologic  behav¬ 
ior,  and  response  to  chemotherapeutic 
agents  and  other  treatment  modalities 
of  melanoma  xenografts  are  maintained 
after  serial  transplantation  in  athvmic 
nude  mice  (3-5).  It  is  hoped  that  this 
type  of  study  wou'd  relate  to  human 
clinical  studies  where  some  melanomas 
responded  well  and  others  did  not. 


fresh  from  surgical  specimens.  It  was 
maintained  in  vivo  bv  serial  trans¬ 
plantation  in  athvmic  nude  mice  For 
this  experiment,  tumors  were  harvested 
fresh  from  mice  and  minced  with  fine 
scissors.  Transplanted  tumors  were  ini¬ 
tiated  id  in  the  Hanks  of  each  mouse  by 
injecting  0.1  ml  of  smail  tumor  frag¬ 
ments  suspended  in  RPM1  (Grand  Is¬ 
land  Biological  Co.,  Grand  Island.  NY  ). 
Mouse  tumors  were  allowed  to  reach  a 
size  of  5-7  mm.  at  which  time  treat¬ 
ment  was  started.  At  this  size,  the  small 
tumor  was  homogeneously  white  and 
spontaneous  tumor  necrosis  minimal  or 
absent. 

Procedure  for  photosensitization 
studies.  When  tumors  were  of  the  ap¬ 
propriate  size  (as  indicated  above),  the 
animals  were  shaved  in  the  tumor  area 
and  given  ip  injections  of  Photofrin  II 
in  doses  equal  to  10  mg/kg  (body  wt). 
The  remainder  of  the  experiment  was 
done  in  the  dark,  including  housing  of 
the  animals.  Control  tumor-beanng  an¬ 
imals  were  those  that  received  light 
without  sensitizer  and  sensitizer  without 
light.  Twenty-four  hours  post  injection 
of  Photofrin  II.  the  experimental  ani¬ 
mals  were  treated  with  the  laser  light 
delivery  system  (see  below).  The  mouse 
was  anesthetized  with  Ketamine  HC1 
(Parke.  Davis  &  Co..  Detroit.  MI)  and 
covered  with  a  metal  shield  with  a  cir¬ 
cular  hole  exposing  the  tumor.  Animals 
were  sacrificed  24  hours  after  PDT 


A»8RFviatioss  used:  HpD  =  hematopor-nyrn 
derivative;  PDT  =  photodynamic  therup. 
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-Vhile  photodynamic  therapy  (PDT) 
dr  cutaneous  malignancies  includ- 
ng  dermal  recurrences  of  breast 
ancer  and  basal  cell  carcinomas 
tas  shown  great  promise,  PDT  of 
nalignant  melanoma  has  remained 
ncompietely  understood.  A  com- 
tarison  study  of  the  effects  of  PDT 
in  human  xenograft  amelanotic 
<nd  melanotic  malignant  melanoma 
n  the  athymic  nude  mouse  model 
vas  performed.  Twenty-four  hours 
ifter  ip  administration  of  Photofrin 
I,  the  responses  to  total  laser 
ight  doses  of  25-300  J/cm:  were 
valuated  by  histologic  examina- 
ion.  Animals  were  also  sacrificed 
!4  hours  after  administration  of 
’hotofrin  U  without  light,  and 
heir  uptake  and  localization  of 
lematoporphyrin  derivative  (HpD) 
or  each  tumor  were  measured 
tad  compared.  The  results  indi- 
ate  that  human  xenograft  mela- 
totic  melanoma,  despite  the  fact 
hat  it  contains  more  HpD  than  does 
imeianotic  melanoma,  is  far  less  re- 
ponsive  to  PDT.  This  result  ap- 
iears  to  be  due  to  the  competing 
hromophore  melanin,  which  may 
nhibit  the  photochemical  reaction 
it  several  key  points.  [J  Natl  Can- 
er  Inst  1988;80:56-60] 


The  basic  concept  for  the  use  of 
‘DT  in  the  treatment  of  malignant  lu- 
nors  is  that  certain  molecules  can  func- 
lon  as  photosensitizers.  The  presence 
f  these  photosensitizers  in  certain  cells 
hus  makes  these  cells  vulnerable  to 
ght  at  the  appropriate  wavelength  and 
ttensity.  The  action  of  these  photo- 
ensitizers  is  generally  to  absorb  pho- 
ins  of  the  appropriate  wavelength  suf- 
icient  to  elevate  the  sensitizer  to  an 
xcited  state.  The  excited  photosensi- 


Materials  and  Methods 

Hematoporphyrin  derivative.  Photo¬ 
frin  II  was  obtained  from  Photomedica 
Inc.,  Raritan,  NJ,  as  an  aqueous  solu¬ 
tion  at  a  concentration  of  2.5  mg/ml 
and  stored  in  the  dark  at  -80°C  until 
used.  For  in  vivo  experiments,  Photofrin 
II  was  diluted  1 :4  with  0.9^  NaCI  so¬ 
lution  and  injected  ip 

Animal  and  tumor  system.  The  con¬ 
genitally  athymic  ( nu/nu '  mouse  ex¬ 
perimental  model  for  human  xenograft 
melanoma  has  been  well  described 
(6).  Metastatic  human  amelanotic  and 
melanotic  melanoma  was  harvested 
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by  HaLthane  (Halocarbon  Laborato¬ 
ries  Inc..  Hackensack,  NJ)  anesthesia. 
Tissue  was  excised  immediately  and 
fixed  in  3%  glutaraldehvde:  5 %  Forma¬ 
lin  in  phosphate  buffer  (pH  7.4).  Sam¬ 
ples  were  then  dehydrated  in  graded 
alcohols,  cleared  in  xylene,  and  embed¬ 
ded  in  paraffin.  Six-micrometer  sections 
were  cut,  stained  with  hematoxylin  and 
eosin,  cleared  of  paraffin  in  xylene,  and 
dried.  Sections  were  examined  with  an 
Axiomat  microscope  (Carl  Zeiss,  Inc., 
New  York,  NY)  and  photographed  with 
Panatomic  X  film  (Eastman  Kodak  Co., 
Rochester,  NY). 

Laser  light  delivery  system.  Laser  ir¬ 
radiations  were  performed  with  a  770 
DL  argon  dye  laser  system  (Cooper 
Lasersonics,  Santa  Clara,  CA).  The  dye 
used  in  the  dye  laser  was  DCM  pre¬ 
mixed  laser  dye  (Cooper  Lasersonics) 
with  a  tuning  range  of  610-690  nm. 
The  dye  laser  was  tuned  to  emit  ra¬ 
diation  at  630  ±  l  nm  for  the  entire 
experiment.  The  wavelength  was  veri¬ 
fied  using  a  *5/354  UV  monochroma¬ 
tor  (Jobin  Yvon,  Longjuneau,  France). 
The  radiation  was  then  coupled  into  a 
400-^m  fused  silica  fiber  optic  by  us¬ 
ing  a  model  316  fiber  optic  coupler 
(Spectra-Phvsics.  Inc.,  Mountain  View, 
CA).  The  output  end  of  the  fiber  was 
terminated  with  a  microlens  that  fo¬ 
cused  the  laser  irradiation  into  a  cir¬ 
cular  field  of  uniform  light  intensity. 
Laser  irradiation  emanating  from  the 
fiber  was  monitored  with  a  Coherent 
model  210  power  meter  before,  during, 
and  after  treatment.  Mice  were  placed 
underneath  an  aperture  that  controlled 
the  area  of  light  illumination  on  the  tu¬ 
mor  site.  The  area  of  illumination  was 
l  cm2  with  a  power  density  of  100 
mW/cm2. 

Animals  with  either  the  human 
xenograft  amelanotic  or  melanotic 
melanoma  were  treated  with  the  fol¬ 
lowing  doses  of  light:  25,  50,  75,  100. 
125,  150,  175,  200,  225,  250,  275,  and 
300  J/cm2.  Animals  were  sacrificed  24 
hours  after  treatment,  and  their  tumors 
removed  for  histopathologic  analysis  as 
described  above. 

Localization  and  uptake  studies.  Five 
animals  with  tumors  of  either  amela¬ 
notic  or  melanotic  melanoma,  which 
were  destined  for  localization  and  up¬ 
take  studies,  were  sacrificed  24  hours 
post  injection  of  doses  of  Photofrin 


II  at  10  mg'kg.  Tumors  were  ex¬ 
cised  and  immediately  frozen  at  — 80°C 
until  extraction  procedures  were  per¬ 
formed.  The  extraction  procedure  used 
has  been  previously  described  by  Kessel 
(7).  Tumor  tissue  was  quick  thawed 
and  weighed  (*=300-600  mg  wet  wt). 
Extractions  were  carried  out  by  dis¬ 
rupting  tumor  tissue  in  2.5  ml  sodium 
phosphate  buffer  (pH  3.5)  with  the 
use  of  a  glass  homogenizer.  The  ho¬ 
mogenate  was  shaken  for  5  minutes 
at  22°C  with  2.5  volumes  of  1:1 
methanol-chloroform  and  subsequently 
centrifuged  (l,000g,  10  min,  room  tem¬ 
perature).  The  lower  fluorescent  phase 
was  removed  and  evaporated  under  ni¬ 
trogen,  the  residue  was  taken  up  in  100 
^il  of  methanol,  and  insoluble  mate¬ 
rials  were  removed  by  brief  centrifu¬ 
gation  (12,000g,  30  sec,  room  tem¬ 
perature).  Porphyrin  uptake  was  esti¬ 
mated  from  the  absorbance  of  a  2-ml 
aliquot  of  the  methanol  extract  scanned 
from  350  to  650  nm  with  the  use  of 
a  Beckman  DU-7  spectrophotometer. 
The  porphyrin  concentration  of  each  tu¬ 
mor  was  determined  by  comparing  its 
absorbance  at  400  nm  with  a  known 
concentration  of  Photofrin  II  ( S ).  Ab¬ 
sorption  spectra  were  obtained  in  solu¬ 
tion  for  each  tumor,  which  showed  a 
broad  peak  of  maximal  absorption  be¬ 
tween  380  and  420  nm.  Values  listed  in 
table  1  are  expressed  in  terns  of  micro- 
gram  porphyrin  per  gram  tumor  tissue 
(wet  wt). 

Results 

Histopathology.  (<j)  Amelanotic  mela¬ 
noma:  Gross  and  microscopic  exami¬ 


nation  of  tumors  revealed  no  evidence 
of  necrosis  in  control  animals  (light 
without  sensitizer  and  sensitizer  with¬ 
out  light).  Histoiogically.  at  total  light 
dose:,  of  75  J/cm2  or  more,  there  was 
100%  destruction  of  the  tumor  24  hours 
after  PDT  (fig.  IV  The  tumor  cells  that 
were  not  completely  disrupted  showed 
nuclear  pyknosis  and  karyorchexis  with 
only  minimal  preservation  of  the  basic 
cellular  outline  in  a  sea  of  red  blood 
cells  and  amorphous  granular  debris. 

(b)  Melanotic  melanoma:  In  contrast 
to  the  amelanotic  tumor,  melanotic 
melanoma  that  received  total  doses  of 
light  equal  to  75  J/cm2  showed  only  su¬ 
perficial  necrosis  with  hemorrhage  to  a 
depth  of  2-3  mm  below  the  surface  of 
the  tumor  (*«30%-40%  of  the  total  :  i- 
mor  vol)  (fig.  2).  Deep  to  this  dam¬ 
aged  zone  was  normal-appearing  tu¬ 
mor  with  intact  vasculature.  Tumors 
that  received  up  to  150  J/cm2  of  light 
demonstrated  necrosis  to  a  depth  of 
4-5  mm  (60%-80%  of  the  tumor  vol) 
with  resistant  tumor  present  at  the 
base  and  periphery  of  the  tumor.  How¬ 
ever,  within  this  necrotic  zone,  iso¬ 
lated  patches  of  normal-appearing  tu¬ 
mor  cells  were  observed  to  be  present, 
indicating  PDT-resistant  tumor  (fig.  3). 
Tumors  that  received  200-300  J/cm; 
showed  complete  necrosis  to  the  base  of 
the  tumor  centrally.  At  the  anteropos¬ 
terior  and  lateral  margins  of  the  tumor, 
histology  confirmed  viable  nests  of  per¬ 
sistent  tumor  cells  (fig.  4).  This  conclu¬ 
sion  is  based  upon  the  histopathologic 
examination  of  a  large  number  of  sec¬ 
tions  and  tumors  and  is  not  attributable 
to  the  wav  a  particular  section  was  cut. 


o 

O 

m 


C  u 


ref 


<;f 


totf-suo# 

CO 

(i) 

CO 


Table  l.  HpD  tumor  localization  and  uptake  in  human  xenograft  amelanotic  and  melanotic  melanoma 


Tumor 

Control  (non-HpD) 
Amelanotic 

Melanotic 

Amelanotic 


Uptake  Mg 
porphynn/g  tumor 


1.03 

1.05 

1.07 

i.n 

7.28 
7.67 
7.58 
736 
7.31 
8.26 
8.61 
8.41 

8.28 
8.55 


Melanotic 


Average  Mg 
porphynn/g  tumor 


Increase  from  control 


1.04 

1.09 

7.44 

8.42 


1.0 

1.0 

7.15X 

7  72X 
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Figure  1.  Photomicrograph  of  human  senograft  amelanotic  melanoma  tumor  removed  24  hr  after 
treatment  with  Phoiofrtn  II  and  75  J  em"  ot  light.  At  this  dose  of  light  the  entire  tumor  is  destroyed 
by  hemorrhagic  necrosis.  Originally.  X50 


Tumor  localization  and  uptake.  An¬ 
imals  were  sacrificed  and  their  tumors 
removed  24  hours  post  injection  of  10 
mg.  kg  of  Photofrin  II.  The  porphyrin 
■was  extracted  and  expressed  in  terms 
of  microgram  porphyrin  per  gram  tu¬ 
mor  i  wet  wt).  and  tumors  were  com¬ 
pared  in  terms  of  their  increase  over 
control  non- HpD  tumors.  Control  ame¬ 
lanotic  tumors  contained  an  average 
of  1.04  ag  porphvrin/g  tumor.  Amela¬ 
notic  tumors  that  received  HpD  had  an 
average  of  7.44  Mg  porphyrin  or  7.15 
times  that  of  control  tumors.  Melanotic 
control  tumors  contained  1.09  Mg  por¬ 
phyrin,  while  melanotic  tumors  that  re¬ 
ceived  HpD  had  an  average  of  8.42  Mg 
porphyrin  or  7.72  times  that  of  control 
tumors  (table  1). 

Discussion 

The  usual  treatment  of  primary  ma¬ 
lignant  melanoma  is  surgical,  and  the 
first  neoplasm  treated  experimentally 
with  a  laser  “scalpel'*  was  a  malignant 
melanoma  (9).  Early  laser  experiments 
on  malignant  melanomas  consisted  of 
photcexcision  and  photocoagulation  of 
both  primary  and  metastatic  lesions. 
The  necrosis  was  eventually  replaced 
Hy  c'-irs  felt  to  be  more  cosmetically  ac¬ 
ceptable  than  those  following  scalpel  or 
electrosurgery.  However,  the  long-term 
findings  from  these  studies  were  largely 


negative  and  unproductive  (10).  Within 
the  next  few  months,  numerous  new 
nodules  appeared  along  the  borders  of 
excision  due  to  incomplete  resection. 
PDT.  since  it  may  provide  a  greater 
degree  of  selectivity  than  other  treat¬ 
ment  modalities  currently  being  applied 
to  these  cases,  offered  new  hope  in  tar¬ 
geting  those  viable  tumor  cells  that  may 
tend  to  remain  behind  after  conven¬ 
tional  treatment. 


An  important  parameter  determining 
the  extent  of  tumor  necrosis  produced 
by  PDT  is  the  penetrability  of  the  nec¬ 
essary  visible  light  through  ihe  tissue 
being  irradiated.  This  penetration  will 
be  dependent  on  the  reflection,  scatter¬ 
ing,  transmission,  and  absorptive  char¬ 
acteristics  of  the  particular  tissue  being 
exposed.  Since  PDT  is  a  photochemi¬ 
cal  reaction  rather  than  a  thermal  abla¬ 
tive  or  coagulative  process,  the  absorp¬ 
tive  properties  of  the  tissue  that  depend 
on  the  specific  chromophores  present 
in  the  absorbing  tissue  will  obviously 
be  important.  The  energy  of  the  photon 
is  absorbed  by  the  chromophore.  which 
can  then  transfer  its  energy  by  vari¬ 
ous  mechanisms  to  the  target  molecule 
In  the  case  of  PDT.  tumor  necrosis 
is  thought  to  be  produced  by  the  en¬ 
ergy  transfer  from  the  excited  triplet 
state  of  the  porphyrin  to  oxygen,  pro¬ 
ducing  singlet  oxygen,  which  causes  ir¬ 
reversible  oxidation  of  some  essential 
cellular  component  ( II ).  If.  however, 
another  chromophore  is  present  in  the 
tissue  that  has  a  strong  absorption  band 
located  at  the  particular  wavelength 
used,  this  chromophore  will  compete 
with  the  photosensitizer  for  photons  re¬ 
sulting  in  inefficient  phototoxicity. 

Melanin  is  a  stable  protein-polymer 
complex  with  a  broad  absorption  spec¬ 
trum  over  250-1,200  nm  (72).  It  is  syn¬ 
thesized  into  the  skin  by  melanocytes 
and  is  sometimes  referred  to  as  a  "light 


Figure  2.  Photomicrograph  ol  human  senogratt  melanotic  melanoma  tumor  removed  24  hr  after 
treatment  wuh  Pholofrtn  II  and  75  J/cm-  ol  light.  Note  evidence  ot  superficial  hemorrhacic  necrosis 
above  the  arrows.  Deep  to  this  damaged  cone  is  normal-appearing  tumor  Oncinailv.  :<XO 
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Figure  3  Photomicrograph  of  human  xenograft  melanotic  melanoma  tumor  removed  24  hr  after 
treatment  with  Photofnn  II  and  150  J/cm:  of  light.  Note  the  large  areas  of  hemorrhagic  necrosis 
throughout  the  tumor  at  the  tips  of  the  arrows.  However,  within  this  necrotic  gone  isolated  patches  o! 
normal-appearing  tumor  cells  ate  present  indicating  PDT-resistant  tumor.  Originally.  Xl_5. 


absorbing  mantle."  Without  melanin 
pigmentation  of  the  skin,  man  could  not 
tolerate  exposure  to  the  skin  without 
fear  of  excessive  sunburn.  Malignant 
melanomas  arise  from  melanocytes  and 
can  be  pigmented  or  melanotic  due  to 
the  massive  accumulation  of  melanin, 
which  imparts  an  intense  black  col¬ 
oration  to  these  lesions.  Due  to  the 
fact  that  some  melanocytes  may  be  less 
well-differentiated  and  therefore  pro¬ 
duce  iess  melanin,  these  malignant  le¬ 
sions  may  be  nonpigmented  or  amela¬ 
notic. 

Out  study  shows  that  human  xeno¬ 
graft  “nonmelanin  pigmented”  amela¬ 
notic  melanoma  is  highly  sensitive  to 
PDT  with  HpD.  Full  thickness  100% 
tumor  necrosis  was  observed  following 
doses  of  HpD-PDT  consisting  of  10 
mg/kg  of  Photofrin  II  and  630-nm  red 
light  treatments  of  75  J/cm2.  Melanotic 
melanoma,  which  contains  large  quan¬ 
tities  of  the  competing  chromophore 
melanin,  shows  only  superficial  necro¬ 
sis  to  a  depth  of  2-3  mm  below  the  tu¬ 
mor  surface  by  use  of  the  same  curative 
treatment  parameters  for  amelanotic 
melanoma.  Even  with  incident  doses  of 
light  as  high  as  200-300  J/cm2,  small 
areas  of  viable  tumor  cells  still  persisted 
at  the  peripheral  extremes  of  the  tumor. 

Using  the  methodology  described  by 
Kessel  f  7),  we  found  that  the  total  por¬ 


phyrin  accumulation  of  the  melanotic 
melanoma  24  hours  after  injection  of 
Photofrin  II,  as  described  above,  was 
on  the  average  8.42  Mg  poiphyrin/g  tu¬ 
mor  tissue.  This  was  approximately  l 
Mg  more  porphyrin  than  was  found  to 
be  present  in  the  amelanotic  melanoma 
(7.44  Mg/g  tumor  tissue).  This  result 
would  exclude  the  possibility  of  dif¬ 


ferent  tumor  cell  kinetics,  such  as  up¬ 
take  and  retention  of  porphyrin  as  being 
the  reason  why  amelanotic  melanoma 
tumor  responded  well  and  melanotic 
melanoma  did  not. 

Our  study  suggests  that  the  presence 
of  the  melanin  in  melanotic  melanoma 
will  result  in  inefficient  phototoxic¬ 
ity  during  PDT  treatments.  Protec¬ 
tion  by  melanins  against  photodamage 
in  model  systems  can  occur  by  sev¬ 
eral  mechanisms.  Melanin  may  com¬ 
pete  with  the  porphyrin  for  the  absorp¬ 
tion  of  photons  or  in  the  energy  transfer 
process  from  the  excited  triplet  state  of 
the  sensitizer  to  melanin  instead  of  cel¬ 
lular  oxygen.  Furthermore,  at  least  one 
study  has  suggested  that  melanin  may 
in  fact  be  a  very  effective  quencher  of 
singlet  oxygen  in  aerobic  photosensiti¬ 
zation  (13). 

Extrapolation  of  the  results  to  the  hu¬ 
man  patient  does  involve  some  uncer¬ 
tainties,  but  further  study  on  PDT  with 
amelanotic  melanoma  seems  promising 
and  warranted.  From  a  practical  stand¬ 
point,  PDT  of  melanotic  melanoma 
may  be  useful  in  the  elderly  and  debil¬ 
itated  patient  who  cannot  tolerate  ex¬ 
tensive  conventional  surgery  as  an  adju¬ 
vant  to  chemotherapy,  immunotherapy, 
and  radiotherapy.  However,  the  risks  at 
present  of  leaving  viable  tumor  behind 
after  PDT  seem  too  high  for  patients 
who  are  operative  candidates. 


Figure  4  Photomicrograph  of  human  xenograft  melanotic  melanoma  tumor  removed  24  hr  alter 
treatment  with  Photofrin  II  and  300  J/cm;  of  light.  Note  persistent  viable  nests  ot  tumor  cells  between 
the  arrows  located  at  the  lateral  margin  of  this  tumor.  Above  is  hemorrhagic  necrosis  ol  the  entire 
tumor.  Below  is  connective  tissue  stroma  outside  of  the  tumor.  Originally.  <210. 
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ABSTRACT 

The  special  properties  of  far-uv  light  sources  include  tissue  removal  without  major 
temperature  rise  and  preparation  of  a  surface  well  suited  for  cell  locomotion  and  adherence. 
We  have  evaluated  the  use  of  the  1 93  nm  excimer  laser  for  large  area  surface  ablation  of  the 
cornea.  We  have  found  that  tissue  removal  can  be  accomplished  with  successful  wound 
healing  and  comeal  function  by  selecting  the  proper  laser  parameters. 

Available  data  suggest  that  an  ablative  excimer  laser  of  uniform  and  predictable  beam 
power  can  supplant  existing  procedures  for  treating  some  corneal  dystrophies,  and  preparing 
graft  beds.  The  natural  healing  properties  of  the  cornea  aid  in  such  procedures  yet  may 
make  minor  refractive  change  difficult  to  accomplish. 


1.  HISTORY  OF  ArF  (193  nml  FXC1MFR  USER  USE  IN  THE  CORNEA 


Short-wavelength  excimer  lasers  were  first  introduced  to  ophthalmology  for  deep 
cutting  of  the  cornea  by  Trokei  in  1983,  working  with  IBM  scientists  Srinivasan  and  Braren.1 
They  determined  that  precise  removal  of  tissue  could  be  accomplished  without  heating  due 
to  the  direct  breaking  of  organic  molecular  bonds  by  the  far-ultraviole*  light.  Srinivasan 
found  that  an  energy  threshold  for  ablation  exists  below  which  no  material  is  removed  from 
a  surface.  For  polymethyl  methacrylate  plastic,  this  energy  density  is  10  mj/cm^/pulse 
of  14  ns.  Above  the  threshold,  efficiency  of  cutting  increases  rapidly  until  a  fluence  of  250 
mJ/cm2/pulse,  then  levels  off  sharply. 

The  1 93  nm  light  source  is  95%  absorbed  by  a  depth  of  0.3  p.m,  and  produces  an 
oxygen-depleted  surface  of  carbon  radicals  which  can  recombine  and  cross-link.8 
Therefore,  deep  corneal  incisions  with  well-defined,  compacted  edges  are  produced,  with 
most  readily  apparent  damage  confined  to  within  1  |im  of  the  incision.4  Loss  of  endothelial 
cells  is  observed  directly  beneath  the  incisions,  however,  perhaps  due  to  shock  waves. 

In  1985,  Serdarevic,  Trokei  and  co-workers  showed  that  a  large  area  superficial 
corneal  ablation  could  be  used  to  remove  infected  tissue  together  with  the  infecting 
organisms.  They  had  success  in  treating  keratitis  caused  by  Candida  albicans  yeast.  The 
wide  area  ablation  was  a  new  use  of  the  laser  as  compared  to  deep  incisions  which 
characterized  most  early  research.  In  that  year  also,  several  investigators  in  diverse 
laboratories  confirmed  that  well  controlled  radial  cuts  would  change  refraction  as  did 
conventional  radial  keratotomy  incisions.®'8  These  investigators  as  well  as  Trokei  and 
co-workers  confirmed  that  the  193  nm  laser  source  removes  tissue  more  efficiently  than 
longer  wavelengths  and  produces  smoother  walls.*'1 1 

In  May  of  1986,  our  laboratory  presented  data  to  indicate  that  a  moderately  deep,  large 
area  ablation  on  the  corneal  surface  would  heal  rapidly  and  could  potentially  be  used  to  alter 
the  refractive  state  of  the  cornea,  using  either  a  beam  normal  to  the  cornea  or  one  which  cut 
tangentially.1 2  The  advantages  over  radial  keratotomy  were  several,  including  the  use  of  a 
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cut  1 0%  of  stromal  thickness  to  correct  several  diopters  of  spherical  or  cylindrical 
refractive  error,  compared  to  the  90%  depth  cuts  required  for  radial  keratotomy,  as  well  as 
wound  healing  measured  in  days  rather  than  years.  In  the  past  year  and  a  half,  we  have 
a'tempted  to  define  and  solve  the  problem  of  optimizing  corneal  wound  healing  after  large 
area  excimer  ablation.  Our  model  has  been  the  lamellar  keratectomy,  a  simple  type  of 
tissue  removal  in  rabbits  and  primates.  These  are  results  from  these  investigations. 

2.  HYPOTHESES  AND  GOALS  FOR  LARGE  AREA  ABLATION  OF  CORNEA 

There  are  several  criteria  which  must  be  satisfied  for  comeal  wound  healing  following 
laser  ablation  in  order  to  provide  a  technique  which  is  an  improvement  over  currently 
available  procedures.  Some  of  those  basic  to  recovery  of  comeal  health  and  function  are 
listed  here.  We  hypothesize  that  excimer  laser  ablation  can  meet  these  criteria  better  than 
currently  accepted  methods. 

2J  Production  of  a  smooth  surface  for  epithelial  rehealing 

The  excimer  laser  produces  a  smooth  and  flat-surfaced  vertical  cut  edge  parallel  to  the 
beam.  It  is  important  to  remove  the  tissue  of  the  curved  cornea  profile  normal  to  the  beam 
as  well,  so  as  to  leave  a  surface  of  the  same  or  similar  curve  which  is  microscopically 
smooth.  Such  a  surface  would  promote  epithelial  wound  healing  and  allow  continued  optical 
function.  The  energy  profile  of  the  beam  needed  to  do  this  must  be  flat  (optically  neutral)  at 
the  target  site,  or  vary  in  a  carefully  defined  intensity  distribution  from  edge  to  center  for 
+  or  -  dioptric  modification.  Even  minor  spatial  perturbations  in  the  beam  must  be  avoided. 

2.2  Epithelial  closure. 

Mechanical  removal  of  a  corneal  layer  (lamellar  keratectomy)  leaves  a  surface  which  is 
composed  of  loose  collagen  fibrils  and  packed  bundles.  Epithelial  locomotion  over  such  a 
surface  is  impeded  so  that  a  6  mm  diameter  defect  takes  five  days  to  close.  The  optimum 
rehealing  of  epithelium  takes  place  over  gently  scraped  or  chemically  denuded  basr!  lamina, 
the  surface  the  epithelium  rests  on,  and  takes  only  two  days  for  a  6  mm  diameter  defect. 
Optimal  closure  of  epithelium  over  the  laser  keratectomy  should  occur  in  minimal  time. 

2.3  Reorowth  over  margin  of  ablation. 

Lamellar  keratectomy  produces  a  steep  wound  margin,  and  the  behavior  of  stroma  and 
of  the  covering  epithelium  at  this  margin  is  of  considerable  interest.  This  is  a  transition 
zone  where  major  problems  of  mechanical  locomotion,  altered  epithelial  behavior,  optical 
transition,  and  mechanical  and  tear  film  instability  car.  occur.  Observation  of  epithelial 
behavior  over  this  zone  will  provide  information  necessary  for  preduction  of  epithelial 
rehealing  and  optical  function. 

2.4  Re-establishment  of  basal  lamina  and  hemidesmosomes. 

Bowman's  layer  in  humans  and  primates  is  a  thin  apical  stromal  layer  which  is  nearly 
structureless  compared  with  deep  stroma.  It  is  removed  by  ablation  and  cannot  be  expected 
to  reform.  Once  epithelial  regrowth  has  occurred,  the  formation  of  significant  adhesions 
(hemidesmosomes)  to  a  freshly  secreted  substrate  (basal  lamina)  are  important  for 
continued  stability. 
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2.5  Optical  characteristics  of  healet'  come?.. 

A  central  optical  zone  slightly  larger  than  the  size  of  the  pupil  is  required  for  visual 
function.  The  scotopic  (dark-adapted)  pupil  size  for  humans  is  nominally  4  mm.  Over  the 
optical  zone,  all  light  impinging  on  the  cornea  from  an  object  to  be  viewed  must  be  focused 
to  within  ±  1/2  diopter  for  normal  vision.  This  requires  that  any  deviation  from  the  normal 
corneal  curvature  result  in  a  predictable,  stable  optical  surface  to  produce  refractive 
correction.  The  thickness  of  the  epithelium,  as  well  as  the  contour  of  the  stroma  after  the 
obligatory  swelling  and  thinning  which  accompany  the  initial  phases  of  wound  healing,  are 
important  in  determining  this  correction. 

The  rehealed  cornea  must  be  clear,  passing  approximately  95%  of  light  in  the  visible 
range  to  approximate  normal  function.  Scatter  can  result  from  uneven  surfaces  between 
two  layers  of  different  refractive  index,  or  from  the  buildup  of  scar  tissue  including  novo 
synthesis  of  disordered  collagen,  and  large  numbers  of  fibroblasts  entering  the  wound  site. 

3.  METHODS 


3.1  Irradiation 

The  beam  leaving  the  laser  cavity  is  a  rectangle  of  7  x  22  mm  of  uneven  intensity 
distribution.  We  found  that  the  dverging  beam,  after  travelling  340  cm,  expanded  to  12  x 
75  cm.  At  this  distance,  it  was  possible  to  select  a  6  mm  diameter  portion  of  the  beam 
which  was  even  in  intensity  distribution  to  within  ±5%.  The  fluence  was  21  mJ/cm2/pulse, 
only  twice  the  threshold  for  material  removal.  A  HeNe  aiming  beam  was  aligned  in  the 
selected  portion  of  the  excimer  laser  beam  by  means  of  a  quartz  plate  at  45°  to  the  ArF 
beam  (Figure  1).  This  greatly  simplified  head  placement  for  exposure. 

3.2  Aperture  shield. 

Fine  particulate  debris  is  found  surrounding  the  edge  of  ablation  sites,  resulting  from 
material  blown  from  the  surface,  or  from  low  energy  ablation  at  the  target  margin.  This 
observation  has  been  described  for  polymethyl  methacrylate  targets.  We  used  a  shield  in 
order  to  prevent  the  deposition  of  such  contaminants  on  the  cornea,  as  well  as  to  sharply 
define  the  ablation  edge. 

Shields  were  made  of  aluminum,  a  material  which  reflects  far-uv  light  well,  and  were 
highly  polished.12  Thermocouple  measurements  made  at  a  fluence  of  150  mJ/cm2/pulse 
showed  that  temperature  plateau  during  long  laser  exposures  was  ambient  +  1 0°  C,  compared 
to  a  rise  of  40°  C  for  copper  (Figure  2).  The  shields  were  shaped  to  3  mm  radius  for  rabbits, 
and  6.5  mm  for  monkeys.  They  were  of  diameter  sufficient  to  cover  the  cornea  completely, 
and  had  a  central  6  mm  diameter  aperture.  A  diaphrag  n  placed  in  front  of  the  shield  blocked 
the  major  portion  of  the  laser  beam  from  striking  the  lids  or  face. 
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3.3  Corneal  hydration  and  cleanliness 


Any  object  which  is  on  the  corneal  surface  at  the  time  of  ablation  will  produce  a 
replicate  shape  in  tissue  as  ablation  occurs.  Eyelashes,  hair,  and  particulate  debris  must  be 
kept  completely  clear  of  the  ablation  site  in  order  to  prevent  unevenness  in  the  resulting 
surface.  Also,  since  the  corneal  stroma  is  between  75%  and  80%  water,  and  tends  to  swell 
by  absorbing  additional  moisture,  tissue  hydration  must  be  controlled  to  prevent  localised 
desiccation  or  imbibition  from  altering  the  ablative  process. 

We  chose  to  leave  the  epithelium  intact,  and  to  allow  the  laser  beam  to  remove  the  tear 
film  and  epithelium  as  a  part  of  the  ablative  process.  Great  care  was  taken  during  the 
preparation  of  the  eye  to  maintain  the  tear  film  and  avoid  contamination  of  the  optical 
surface.  A  clean,  sterile  artificial  tear  solution  was  used  frequently  during  anesthesia 
when  the  eye  was  open.  The  lids  were  taped  shut  while  animats  were  anesthetized  before 
and  after  the  procedure  to  protect  against  corneal  drying. 

3.4  In  vivo  observations. 

For  evaluation  of  comeal  clarity,  a  slit  lamp  was  used.  This  biomicroscope  with  a 
narrow  light  beam  allows  visualization  of  scattered  light  from  the  cornea.  For  wound 
closure  fluorescein  was  used,  a  fluorescent  chemical  which  follows  water  and  which  does 
not  penetrate  the  intact  cornea.  This  diagnostic  agent  readily  delineates  epithelial  defects 
by  temporarily  staining  bare  stroma. 

The  endothelial  cell  layer,  a  monolayer  lining  the  inner  comeal  surface,  is  vital  to 
comeal  function  since  it  must  continually  pump  fluid  to  maintain  corneal  transparency.  This 
layer  cannot  regenerate  in  humans  or  primates.  They  were  viewed  by  specular  microscopy,  a 
technique  developed  by  Maurice.14  Photographs  taken  one  week  after  ablation  were 
evaluated  for  cell  density.  Corneal  thickness  was  measured  with  the  specular  microscope 
by  comparing  the  focus  on  the  epithelium  with  that  on  the  endothelium  of  the  cornea. 

2 , 5..H.LS  to  ipfl  si  njnicra  scoe  y . 

Corneas  were  removed  and  fixed  in  buffered  glutaraldehyde,  dehydrated  and  embedded 
in  epoxy  res>ns.  They  were  thin  sectioned  and  stained  with  dyes  for  light  microscopy,  or 
with  heavy  metals  for  electron  microscopy.  Specimens  were  examined  at  one  week,  and  one, 
two,  or  three  months  following  excimer  laser  ablation. 

4.  RESULTS 


4,1 . fiaam  praf'l,g.„a/^d  exposure  garanstgrs 

The  unmodified  ArF  laser  beam  at  a  distance  of  340  cm  provided  a  profile  across  a  5 
mm  aperture  which  was  uniform  to  within  5%. 

At  a  fluence  of  26  mj/cm2/pulse,  an  exposure  of  40  Hz  for  100  seconds  produced  a 
uniform  ablation.  The  total  depth  of  the  cut  was  approximately  80  which  is  twice  the 
depth  of  the  epithelium  alone.  The  surface  initially  had  the  appearance  of  ground  glass, 
giving  off  a  very  even  white  specular  reflection.  Upon  wetting  with  tear  film,  the  surface 
immediately  became  nearly  clear,  with  only  a  faint  opalescence  remaining,  allowing  the 
underlying  iris  to  be  viewed. 

Long  exposures  of  150  seconds  or  more,  or  a  high  repetition  rate  of  100  Hz,  caused  a 
yellowish  appearance  to  the  tissue  remaining  after  ablation,  and  delayed  epithelial  wound 
healing  by  at  least  one  full  day. 
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4.2  In  vivo  observations 


The  epithelial  margins  were  round  and  well  defined  and  wound  healing  was  rapid  in  all 
normal  laser  ablations  through  aluminum  shields.  Within  24  hours  closure  had  commenced 
leaving  a  3.8  to  4.2  mm  diameter  defect.  By  48  hours  corneas  ablated  100  seconds  or  less 
showed  complete  epithelial  closure  with  no  staining  of  the  stroma.  Light  punctate 
fluorescein  staining  was  present  in  some  cases  at  one  week,  indicating  an  unstable 
epithelial  surface.  Epithelial  rehealing  after  excimer  laser  ablation  was  similar  to  that 
following  epithelial  removal  alone  and  less  than  half  tha  time  of  rehealing  following 
lamellar  keratectomy  (Figure  3). 

Specular  microscope  pachymetry  on  day  3  showed  thinning  of  30  to  40  p.m  in  the  100 
second  exposure  group  and  swelling  of  300  p.m  in  the  group  exposed  for  200  seconds.  By  four 
weeks,  all  ablated  corneas  were  20  jxm  thicker  centrally  than  contralateral  controls. 

Specular  microscopy  at  three  days  in  rabbits  showed  that  the  1 00  second  exposure  group 
lost  1 7%  of  endothelial  cell  density,  while  the  200  second  exposure  corneas  were  too  cloudy 
to  provide  cell  counts.  In  primates,  no  endothelial  loss  was  seen  at  one  week  after  ablation, 
and  both  treated  and  control  corneas  had  cell  densities  of  3100  cells/mm2  or  more. 


Figure  2.  Cu,  Al,  Pd  shield  material. 


EpItteM  (day*) 

Figure  3.  Corneal  wound  healing. 


4.3  Histology  and  electron  microscopy 


The  epithelium  in  the  peripheral  corneal  areas  was  normal  in  appearance,  with  a  total 
thickness  of  5  to  7  cel!  layers.  The  central  area  of  a  shallow  ablation  had  4  to  5  layers  of 
cells  after  one  week.  The  basal  lamina  and  hemidesmosomes  were  reformed  at  this  time. 

At  the  edge  of  the  ablation  site,  there  was  often  stromal  swelling.  In  these  cases, 
epithelium  thickened  over  the  swelling  site,  and  remained  thickened  to  over  10  cell  layers 
in  the  bed  of  the  ablation  zone.  Where  slight  thinning  of  stroma  occurred  at  the  edge  of  the 
ablation,  the  epithelium  thickened  to  9  to  1 1  layers  and  filled  in  the  defect  to  maintain  a 
smooth,  unbroken  epithelial  surface.  The  rehealing  epithelium  filled  small  defects  in  the 
optical  surface  of  the  cornea,  as  well  as  the  margins  of  shallow  ablations,  by  forming  an 
increased  or  decreased  number  of  cell  layers  as  required.  This  property  of  the  epithelium 
helped  to  maintain  the  normal  optical  correction  of  the  corneal  surface.  However,  when  the 
surface  prepared  by  ablations  had  a  large  number  cf  in-pnniaritiae,  tho  epithelial  surface 
appears  roughened  also.  Many  cells  were  then  seen  to  exfoliate  by  loosening  abnormally 
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from  the  apical  cell  layer. 


5,  piSCUSStQq 

The  healing  of  corneal  epithelium,  stroma,  and  endothelium  after  surface  exrimer  laser 
ablation  are  determined  largely  by  the  parameters  of  the  laser  delivery  system.  These 
determine  the  potential  risk  of  permanent  corneal  damage.  Minimalization  of  stromal 
scarring  and  endothelial  cell  loss  may  make  ablative  tissue  removal  valuable  as  a  clinical 
procedure.  Numerous  investigators  have  made  recent  contributions  to  wtoe  area  ablative 
corneal  surgery  by  excimer  laser.1  °'22  An  excellent  review  is  available.  “  Following  are 
some  important  considerations  for  future  work. 

5.1  beam  profile 

Diverse  techniques  are  being  developed  for  delivery  of  a  beam  of  even  cross  section. 
Some  techniques,  such  as  the  present  one  and  spatial  filtering,  produce  great  loss  in  beam 
intensity.  Others  under  development  may  preserve  beam  power,  allowing  ablation  at  higher, 
more  efficient  fiuence  levels.  For  refractive  procedures,  a  sudden  loss  of  power  to  the 
system  could  result  in  a  partially  ablated  cornea  without  a  defined  optical  surface. 

5.2  Heat  and  shock  wave  effects 

Heating  of  tissue  by  laser  irradiation  can  cause  tissue  damage,  and  delay  wound  healing. 
In  the  case  of  ultraviolet  laser  surface  ablations,  heating  may  result  from  transfer  of 
energy  residual  to  the  breaking  of  chemical  bonds.  Localized  heating  of  tissue  at  the 
ablation  surface  occurs  at  high  pulse  repetition  rate  and  at  high  fiuence.  Prolonged 
exposures  can  allow  heat  conduction  and  temperature  increases  in  underlying  tissues.  As 
the  corneal  thickness  is  reduced  by  ablation  these  effects  could  reach  the  endothelium. 

Shock  waves  produced  during  exposure  can  damage  cells  at  the  site  of  impact  and  some 
distance  away.  Gases  produced  during  cutting  escaping  from  a  confined  space  may  cause 
mechanical  damage  to  the  endothelium  either  by  flexing  Descemet’s  or  by  producing  shock 
waves.  Such  an  effect  may  be  responsible  for  the  endothelial  morphological  alteration  and 
the  separation  of  membrane  components  which  were  observed  in  rabbits  in  the  experiments 
described  here.  High  exposures  may  exacerbate  such  damage. 

5.2  Optimal  jyavgifitiQth 

The  optimal  wavelength  for  laser  ablation  is  still  open  to  question.  Currently  193  nm 
seems  ideal  due  to  high  ablation  efficiency,  accurate  cutting,  low  mutagenicity  and 
the  property  of  leaving  smooth  cut  surface  for  corneal  epithelial  wound  healing.  Work  is 
required  in  primates  to  determine  the  relative  suitability  of  the  193  nm  wavelength. 

5,4  Shield  friof  bean 

The  shield  method  of  delineating  the  corneal  ablation  zone  as  described  herein  has  the 
advantages  of  simplicity,  low  cost,  and  accuracy.  It  may  furthermore  provide  protection  for 
surrounding  tissue  from  gases  including  free  radicals  and  particulate  matter  escaping  the 
ablation  zone.  Optical  methods  of  masking  do  not  protect  the  wound  margin  and  require  that 
the  eye  be  mechanically  coupled  to  the  optical  system  to  prevent  movement. 

5  5  r  nnical  applications 

Reis-Buckler's  Syndrome  is  an  opacification  of  the  cornea  involving  the  superficial 
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stroma,  the  basal  lamina,  and  the  epithelium.  Cogan’s  (map,  dot,  fingerprint)  dystrophy  ( 

consists  of  intermittently  appearing  intraepithelial  cysts  of  widely  variable  size,  with 
basement  membrane  protruding  into  the  epithelial  cellular  layers  or  becoming  absent  O 

altogether.  Recurrent  erosion  can  be  caused  by  fingernails,  plant  leaves  and  branches  which  V\ 

damage  epithelial  basal  lamina  and  prevent  normal  epithelial  adhesion.  Superficial  corneal  7r;; 

ablative  technique  may  be  useful  in  these  and  other  cases  where  it  is  desirable  to  ;  ■ 

completely  remove  the  epithe  ium  and  underlying  basement  membrane,  leaving  a  surface  CC/ 

which  can  be  rapidly  rehealed.  *2; 

5.6  Elective  refractive  surgery 

f:  \ 

The  use  of  the  excimer  laser  to  optically  modify  the  corneai  curvature  for  refractive 
purposes  is  an  interesting  possibility.  At  present,  the  extremely  plastic  response  of  the 
epithelium  in  healing  wounds  of  various  depths  is  a  primary  hindrance  to  this  goal.  Stromal 
swelling  is  uneven  at  varying  depths,  so  that  difficulty  may  be  encountered  in  producing 
lenticule-like  shapes  cutting  across  lamellae.26  In  addition,  the  slight  degree  of 
endothelial  damage  observed  may  discourage  the  purely  elective  use  of  such  procedures.  It 
is  likely  that  further  experimentation  will  yield  methods  for  overcommg  these  problems. 
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Effect  of  Laser-Heated  Tip  Angioplasty  on 
Human  Atherosclerotic  Coronary  Arteries 

N.  Charle  Morcos,  mo,  pmj,  Michael  Berns.  pho, 
and  Walter  L.  Henry,  mo,  facc 

Departments  ot  Medicine  (Cardiology  Division)  (N.C  M.,  W.L.H.).  and  Surgery  (M.B.).  and 
the  Beckman  Laser  Institute  (M.8.),  University  ot  California,  Irvine 

Effects  of  laser-heated- tip  angioplasty  on  arteries  is  not  fully  under¬ 
stood.  We  report  histology,  ultrasound  image  properties,  and  vasoreac- 
tivity  of  human  atherosclerotic  cornary  arteries  after  exposure  to  the 
laser-heated  tip  catheter.  Segments  of  isolated  human  coronary  arteries 
were  obtained  within  3-3  hours  postmortem.  Side  branches  were  ligated 
and  perfused  with  Krebs-Ringer  solution.  Coronary  occlusions  were 
recanalized  during  perfusion  using  a  1.5-mm  tip  heated  twice  with  a  10 
W  argon  laser  for  10  seconds  while  two-dimensional  12-MHz  ultrasound 
images  were  recorded.  Images  documented  vessel  recanalization  and 
an  increase  in  ultrasound  retractile  properties  of  vessel  wails  adjacent 
and  2-3  mm  distal  to  the  heated  tip.  Histologic  studies  showed  charring 
along  the  neolumen  and  extensive  coagulation  pattern  within  the 
plaque.  Vasoreactivitv  was  assessed  by  measuring  flow  rate  changes 
during  perfusion  with  100  ml  of  1Q~'>  M  serotonin  followed  by  washout 
with  serotonin-free  solution.  Recanalized  arteries  showed  a  50%  in¬ 
crease  in  magnitude  of  vasospasm,  which  was  persistent  for  5  hours, 
compared  to  control  atherosclerotic  vessels,  which  relaxed  within  30 
minutes.  In  conclusion,  laser-heated-tip-irradiated  vessels  demon¬ 
strated  plaque  coagulation,  increased  ultrasound  retractile  properties 
of  plaque,  and  increased  vasospasm,  which  persisted  for  several  hours. 

Key  words:  laser-heated  tip.  coronary  artery,  atherosclerosis,  ultrasound  image,  vasoreac- 
tivity.  thermal  coagulation 


INTRODUCTION 

Cardiovascular  applications  of  laser  radia¬ 
tion  have  been  investigated  by  several  authors 
[Abela  et  al,  1982,  1985;  Choy  et  al,  1982;  Lee  et 
al,  1983;  McGuff  et  al,  1983].  Because  of  its  optical 
properties,  the  laser  beam  can  be  delivered 
through  silica  or  quartz  optical  fibres  passed 
through  catheters,  and  the  energy  can  be  localized 
at  various  sites  within  the  arteries  and  veins 
[Abela  and  Conti,  1983).  Thus  far,  studies  have 
concentrated  on  the  immediate  effect  of  laser  en¬ 
ergy  on  atherosclerotic  tissue  and  the  artery  wall 
[Choy  et  al,  1982;  Lee  et  al,  1983].  Abela  and 
colleagues  [1982]  evaluated  the  three  commonly 
available  lasers,  (the  CO^,  Nd-YAG,  and  argon). 
An  average  energy  level  of  20-30  joules  was  gen¬ 
erally  effective  to  relieve  vascular  stenosis  ir.  the 
aorta  and  femoral  arteris  of  live  cholesterol-fed 
rabbits.  . The  histologic  appearance  of  tissue  dam- 
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age  created  by  the  three  lasers  was  similar.  In 
each  case,  three  zones  of  damage  were  observed, 
consisting  of  an  innermost  zone  of  complete  tissue 
vaporization,  a  second  zone  of  thermal  burning, 
and  an  outermost  zone  of  diffuse  tissue  disruption 
presumed  to  be  due  to  thermal  spread.  In  its  pres¬ 
ent  state  of  development,  intravascular  laser 
treatment  can  be  dangerous,  and  a  better  under¬ 
standing  of  the  energy  ranges  required  to  vaporize 
and  focus  the  laser  precisely  is  required.  Having 
the  laser  beam  heat  a  metal  cap  at  the  end  of  a 
catheter  is  an  alternate  approach  to  deliver  con¬ 
trolled  thermal  energy  with  minimization  of  scat- 
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ter  and  tissue  penetrance  of  uncontrolled  light,. 
The  argon  laser-heated  laser  probe  has  been  found 
to  have  improved  safety  and  efficacy  compared 
with  prior  clinical  studies  with  bare  fiberoptic  fi¬ 
bers  (Choy  et  al,  1984;  Ginsberg  et  al,  1985].  In  a 
recent  report  by  Cumberland  et  al  (1986]  89%  of 
femoropopliteal  occlusions  were  successfully  tra¬ 
versed  by  the  laser  probe.  Initial  clinical  trials 
suggest  the  feasibility  and  potential  of  percuta¬ 
neous  coronary  laser  thermal  angioplasty  (Cum¬ 
berland  et  al,  1986;  Sanborn  et  al,  1986].  One  of 
the  potential  problems  in  laser  thermal  damage  is 
endothelial  disruption,  which  has  been  shown  to 
make  the  arterial  wall  susceptible  to  vasospasm. 
Vasospasm  in  the  coronary  arteries  is  a  major 
factor  in  high-risk  coronary  artery  disease  such  as 
rest  angina  (Hillis  and  Braunwald,  1978],  prein¬ 
farction  angina  (Theroux  et  al,  1981],  sudden  car¬ 
diac  death  [Maseri  et  al,  1982],  and  myocardial 
infarction  (Dalen  et  al.  1982]. 

While  reports  indicate  minimal  laser  ther¬ 
mal  damage  to  the  intiina  and  complete  intimal 
repair  in  5  days,  there  are  no  reports  on  vasomotor 
properties  of  irradiated  regions.  For  instance,  does 
a  change  in  relative  receptor  densities  or  cellular 
structure  occur  and  create  a  susceptible  region  for 
focal  vasospasms  or  does  the  laser-treated  zone 
lose  its  vasoactive  receptors  and  hence  maintain  a 


relaxed  vessel  with  a  full  patent  lumen?  One  of 
the  goals  of  the  present  study  was  to  investigate 
cnanges  in  the  vasoreactivity  of  atherosclerotic 
arteries  obtained  within  5-8  hours  postmortem, 
perfused  with  oxygenated  Ringer’s  solution,  main¬ 
tained  viable,  and  exposed  to  laser-heated  tip  an¬ 
gioplasty  for  plaque  ablation  during  perfusion.  The 
changes  in  histology  and  ultrasound  image  prop¬ 
erties  before  and  after  laser-heated-tip  irradiation 
during  perfusion  have  also  been  studied. 

MATERIALS  A NO  METHODS 
Arterial  Perfusion  Model 

A  perfusion  apparatus  described  previously 
by  Morcos  et  al  (1985]  was  utilized  such  that  coro¬ 
nary  artery  segments  of  2-3  cm  in  length  and  0.5- 
2  mm  in  diameter  were  perfused  under  a  constant 
pressure  of  30  mm  Hg  (Fig.  1).  Briefly,  all  coronary 
arteries  were  obtained  within  5-8  hours  postmor¬ 
tem  at  autopsy,  were  dissected  free,  and  side 
branches  were  ligated  with  6.0  silk  sutures.  The 
ends  of  each  artery  were  cannulated  and  secured 
with  6.0  silk  sutures  on  polyethylene  tubing  in  a 
special  holder.  The  holder  was  placed  in  a  temper¬ 
ature-regulated  bath  at  37°C  and  its  polyethylene 
tubing  was  connected  to  the  inlets  and  outlets 
of  the  perfusion  apparatus.  The  perfusate  and 
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Fig.  1.  Perfusion  apparatus.  Vessel  segments,  which  were  2- 
3  cm  in  length  and  1-2  mm  in  diameter,  were  mounted  on  the 
tubing  of  the  artery  holder.  The  holder  was  connected  with 
perfusion  tubing.  The  artery  and  holder  were  immersed  in  a 
temperature-controlled  bath  while  being  perfused  intralumi- 
nallv  at  constant  pressure  of  30  mm  Hg.  Perfusate  and  bath 


were  Krebs-Ringer  bicarbonate  solution  and  continuously 
gassed  with  95'lOr5rc  CO>.  Imaging  was  performed  by  a  12- 
MHz  ultrasound  probe.  Laser  probe  was  introduced  through 
Y  ports.  Other  experimental  conditions  were  as  described  in 
"Materials  and  Methods," 
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bathing  medium  contained  Krebs-Ringer  bicar¬ 
bonate  solution  of  the  following  composition  in 
mM:  NaCl,  119.2;  KCl,  4.9:  MgSo4,  1.2;  KH.2P04, 
0.44;  CaCl2,  1.3;  NaHCO^,  25;  disodium  ethylene- 
diamine  tetraacetic  acid  (EDTA),  0.03;  ascorbic 
acid,  0.114  and  glucose,  11.1;  pH  7.34.  Perfusate 
and  bath  were  maintained  at  37“C. 

Pharmacologic  Assessment  of  Vasoreactivity 

To  induce  spasm.  100  ml  of  serotonin  (5-HT) 
was  introduced  into  the  perfusate  at  a  final  con¬ 
centration  of  10  “5  M.  The  serotonin  solution  was 
followed  by  a  washout  with  1  liter  of  serotonin- 
free  Krebs  solution  to  effect  relaxation.  Flow  rate 
was  measured  continuously  as  a  function  of  time. 
The  flow  rate  at  any  time  point  was  expressed  as 
a  percentage  of  normal  flow  rate  (lOO^fc)  prior  to 
any  interventions.  Time  =  0  is  taken  at  the  mo¬ 
ment  serotonin  reached  the  artery  in  the  per¬ 
fusate. 

Laser  Instrumentation 

An  argon  laser  (Spectra  Physics  171)  was  used 
to  deliver  radiation  at  a  wavelength  of  488  and 
514  mm  through  a  300-mm  core  silica  fiber  to  heat 
a  metal  cap,  which  was  1.5  mm  diameter  at  its  tip 
(Trimedyne  Inc.,  Santa  Ana,  CA).  After  equilib¬ 
rium  of  the  mounted  arterial  segments  in  the  per¬ 
fusion  apparatus,  the  heated-tip  catheter  was 
introduced  through  a  Y-port  with  O-ring  seal  into 
the  perfusion  apparatus  tubing  in  the  presence  of 
perfusate  and  advanced  to  the  area  of  stenosis  or 
occlusion  under  ultrasound  visualization.  Heated- 
tip  angioplasty  was  performed  by  delivering  two 
10-second  exposures  of  10  W  of  argon  laser  energy 
with  a  15-second  interval  to  the  metal  tip.  During 
the  thermal  radiation  procedure  the  tip  was  con¬ 
tinuously  in  motion  to  avoid  adherence  and/or 
localized  superheating  of  the  arterial  wall.  Follow¬ 
ing  angioplasty  the  capped  fiber  was  retracted, 
perfusion  of  the  artery  continued,  and  pharmaco¬ 
logic  studies  were  performed. 

Ultrasound  Imaging 

Ultrasound  two-dimensional  imaging  of  the 
arterial  luminal  diameter,  arterial  wall  thickness, 
and  outer  diameter  was  performed  continuously 
during  the  angioplasty  and  recorded  on  videotape. 
To  image  the  arteries  a  two-dimensional  12-MHz 
ultrasound  probe  was  placed  into  the  perfusion 
bath  within  1  cm  from  the  artery  wall.  The  probe 
was  connected  to  a  Biosound  Surgiscan  (Biosound, 
Indianapolis,  IN)  with  video  monitor  and  cursor 
bar  with  a  joy  stick.  The  Biosound  device  permit¬ 


ted  measurements  of  arterial  dimensions  within 
1/10  of  a  millimeter. 

Histology  Studies 

At  the  end  of  irradiation  and  pharmacologic 
studies  the  mounted  artery  segments  were  fixed 
in  3%  glutaraldehyde,  embedded  in  paraffin,  sec¬ 
tioned,  and  stained  with  hematoxylin  and  eosin. 
Histology  was  performed  on  a  total  of  five  recan¬ 
alized  segments. 

Tissue 

Human  coronary  arteries  were  obtained  from 
the  left  anterior  descending  coronary  artery  and 
its  tributaries  within  5-8  hours  postmortem.  Ath¬ 
erosclerotic  arteries  were  obtained  from  individu¬ 
als  who  were  over  age  55  years.  In  this  study,  a 
total  of  nine  atherosclerotic  artery  segments  were 
used;  four  were  diffusely  atherosclerotic,  and  five 
contained  a  tight  stenosis  and  were  recanalized  by 
laser-heated-tip  irradiation.  Histology  and  ultra¬ 
sound  imaging  was  performed  on  five  of  the  recan¬ 
alized  vessels.  Pharmacologic  vasoreactivity  was 
performed  on  three  of  the  recanalized  vessels. 

RESULTS 

Figure  2  shows  histologic  studies  performed 
on  representative  sections  of  antherosclerotic  cor¬ 
onary  artery  segment  obtained  from  a  68-year-old 
male,  which  was  irradiated  by  the  heated-tip  cath¬ 
eter  during  perfusion.  The  terminal  segments  of 
the  artery  were  not  thermally  irradiated,  and  the 
tight  occlusion  was  present  in  the  central  region. 

Recanalization  by  thermal  irradiation  was 
performed  in  the  proximal  part  of  the  occluding 
plaque,  but  the  metal  tip  was  not  permitted  to 
recanalize  the  distal  section  of  the  occlusion.  In 
this  manner,  histologic  assessment  permitted  vi¬ 
sualization  of  the  extent  of  original  occlusion  as 
shown  in  Figures  2C  and  3D. 

Sections  from  both  ends  of  the  segments  show 
faint  hematoxylin  and  eosin  staining  with  preser¬ 
vation  of  structure  in  the  intima  and  plaque  (Fig. 
2A,B,  proximal  end  and  2F,  distal  end).  In  con¬ 
trast,  in  central  areas  in  the  segments  that  were 
exposed  to  the  heated  tip,  irradiation  showed  loss 
of  structure  and  intense  staining  indicative  of  co¬ 
agulation  of  the  plaque  and  muscle  matrix  (Figs. 
2D,E,  3A-D).  Furthermore,  at  locations  2-3  mm 
dista  1  to  the  heated  tip,  where  the  occluding  plaque 
was  still  intact,  the  heat  effects  were  observed  as 
patchy  intense  staining  indicative  of  coagulation 
in  both  the  arterial  wail  and  plaque.  Also,  along 
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Fig.  2.  Histology  of  representative  occluded  atherosclerotic 
coronary  artery  from  proximal  A  tc  distal  F  ends  after  laser- 
heated-tip  angioplasty.  A:  Proximal  section.  B:  Narrowing  of 
lumen  prior  to  occlusion.  C:  Occluded  central  section.  Laser 
heated  tip  (1.5  mml  was  advanced  through  the  distal  end  F. 


E:  Recanalized  section.  I):  Most  proximal  recanalized  section. 
Laser-heated  tip  was  not  advanced  beyond  section  C  to  main¬ 
tain  a  portion  of  the  occluding  plaque.  Magnification  ■  10. 
Histology  on  another  four  canalized  vessels  showed  similar 
characteristics. 
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Fig.  3.  Higher  magnification  of  laser-heated-tip  irradiated 
sections  showing  charring  and  intense  red  staining  along  to 
the  heated-tip  pathway.  Recanalized  sections  shown  as  fol¬ 
lows.  A:  Most  distal.  B:  Intermediate.  C:  Most  proximal.  The 
red  stain  is  more  intense  in  the  periphery  of  the  neolumen 


and  fades  in  areas  near  the  outer  periphery  of  the  arterial 
wall.  I):  Most  proximal  section  of  spared  unrecanalized  plaque 
showing  central  intense  staining  located  immediately  adja¬ 
cent  to  the  advancing  heated  tip.  Magnification  x'24. 
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Fig.  4.  Ultrasound  images  obtained  from  a  representative 
vessel  during  laser-heated-tip  angioplasty.  A:  Atherosclerotic 
artery  with  central  occlusion  appearing  as  soft  density.  B: 
Laser-heated  tip  activated  and  advanced  from  the  distal  right- 
hand  section.  Increase  in  refractile  density  of  plaque  and 
vessel  wall  observed  at  the  site  of  occlusion  and  distal  to  it. 
C:  Laser-heated  tip  advanced  through  plaque  with  increased 
refractile  density.  D:  Laser-heated  tip  advanced  proximally 
and  sparing  the  most  proximal  end  of  the  occluding  plaque. 
Magnification  x3.  Bar  »  0  5  cm.  Arrows  indicate  direction  of 
ultrasound  beam. 


areas  of  direct  contact  between  tissue  and  heated 
tip,  a  fine  layer  of  charring  is  clearly  observed 
along  the  neolumen  (Fig.  3A-C). 

Figure  4  shows  a  series  of  photographs  ob¬ 
tained  from  the  ultrasound-videotape  recording 
during  the  heated-tip  angioplasty  of  the  vessel 
depicted  in  Figures  2  and  3.  It  is  clear  that  prior 
to  angioplasty,  the  occluded  area  represented 
plaque  of  soft  density  along  the  middle  of  the  ar¬ 
terial  segment  as  well  as  along  the  arterial  walls. 
During  exposure  to  heated  tip  irradiation,  the 
plaque  density  became  more  refractile  to  the  ul¬ 
trasound  beam  and  appeared  as  areas  of  high  den¬ 
sity  on  the  monitor.  These  regions  of  high  density 
in  the  ultrasound  images  persisted  after  termina¬ 
tion  of  irradiation.  The  increased  refractile  den¬ 
sity  probably  reflects  an  increase  in  crosslinking 
and  binding  of  plaque  and  wall  components  equiv¬ 
alent  to  and  corresponding  to  the  coagulation  pat¬ 
tern  observed  from  the  histologic  sections. 

Following  complete  recanalization,  the  phar¬ 
macologic  vasoreactivity  to  serotonin  of  these 
thermally  irradiated  arteries  was  compared  to  the 
vasoreactivity  of  atherosclerotic  arteries  that  were 
not  thermally  irradiated  by  the  laser-heated  tip. 


In  Figure  5,  the  percentage  of  control  flow  rate  is 
plotted  versus  time  before,  during  and  after  tran¬ 
sient  exposure  to  the  vasoactive  agent,  serotonin 
at  10  5  M.  100  ml.  Another  set  of  atherosclerotic 
arteries  that  were  not  occluded  were  not  exposed 
to  laser-heated-tip  irradiation.  In  the  non-irradi 
ated  vessels,  vasospasm  with  resultant  reduction 
in  flow  rate  was  observed  immediately  upon  expo¬ 
sure  of  the  artery  to  serotonin  and  resulted  in  a 
63%  reduction  in  flow  rate.  During  the  washout  of 
serotonin,  the  flow  rate  gradually  increased  and 
reached  normal  values  within  1  hour.  In  contrast, 
thermally  irradiated  arteries  had  increased  sensi¬ 
tivity  to  serotonin.  Upon  exposure  to  serotonin, 
flow  rate  was  greatly  reduced  by  90^1.  Further¬ 
more,  the  reduction  in  flow  rate  was  persistent  for 
a  period  of  over  6  hours.  The  sustained  vasospasm 
could  be  relieved  by  intraluminal  MgS04  at  5  mM. 
Such  a  concentration  of  MgS04  when  introduced 
with  the  perfusate  permitted  vasorelaxation,  and 
the  flow  increased  to  90^  of  normal  values. 


DISCUSSION 

Much  success  has  recently  been  reported  re¬ 
garding  recanalization  of  thrombosed  and  athero¬ 
sclerotic  arteries,  particularly  those  arteries  that 
are  large  and  nontortuotous  such  as  leg  arteries. 
Smaller,  tortuotous  arteries,  and  particularly 
those  located  within  a  mobile  matrix  such  as  the 
coronary  arteries  in  a  beating  myocardium,  pose 
various  challenges  to  the  application  of  this  ad¬ 
vancing  technology.  Mechanical  as  well  as  heat- 
induced  perforations  have  been  high  on  the  list  of 
adverse  reaction.  However,  aside  from  the  techni¬ 
cal  problems  for  successful  clinical  applications  of 
laser  angioplasty,  there  are  still  many  unan¬ 
swered  questions  regarding  the  full  effect  of  the 
laser  on  the  irradiated  tissues.  Consequently,  long¬ 
term  changes  and  transformations  occurring 
within  such  irradiated  tissues  must  be  fully  stud¬ 
ied.  In  the  present  study  thermally  induced  coag¬ 
ulation  of  components  of  both  plaque  and  arterial 
walls  was  observed  in  situ  as  a  result  of  heated-tip 
angioplasty.  Evidence  for  coagulation  patterns 
correlated  strongly  with  both  the  intense  histo¬ 
logic  staining  and  the  increased  ultrasound  refrac¬ 
tile  density.  These  changes  were  evidence  at 
distances  of  2-3  mm  away  from  the  heated  tip 
Morcos  and  Henry  1 1987]  showed  that  atheroscle¬ 
rotic  arteries,  in  general,  are  mor»  sensitive  than 
normal  arteries  to  vasoactive  agents  such  as  sero¬ 
tonin.  In  the  presence  of  serotonin,  atherosclerotic 
arteries  that  were  not  exposed  to  laser  showed  an 
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Fig.  5.  Flow  changes  in  atherosclerotic  coronary  arteries  of  data  from  four  atherosclerotic  arteries.  Average  of  data 
before  and  after  lasef  heated  tip  angioplasty  in  response  to  from  three  occluded  and  recanalized  arteries.  Differences  be- 
limited  exposure  to  serotonin.  Serotonin,  100  ml  at  1(T5  M  tween  points  on  the  two  curves  in  the  range  4-360  minutes  is 
final  concentration,  was  introduced  intraluminally  followed  significant  with  a  P  <  .05. 
by  washout  with  1  liter  of  serotonin-free  perfusate.  Average 


increased  magnitude  of  flow  reduction  (63%) 
caused  by  vasospasm  compared  to  arteries  without 
atherosclerotic  (22%)  under  similar  experimental 
conditions  of  perfusion. 

The  pharmacologic  vasoreactivity  of  irradi¬ 
ated  vessels  in  patients  is  not  clearly  understood 
at  present.  It  is  generally  realized,  however,  that 
individuals  undergoing  laser-heated-tip  angio¬ 
plasty  in  legs  continue  to  experience  pain  for  sev¬ 
eral  days.  The  etiology  of  such  pain  may  have 
several  origins,  including  thermal  burns  to  sur¬ 
rounding  tissue  or  ischemic  pain  caused  by  hyper¬ 
sensitivity  of  the  vessels  to  vasoactive  substances 
that  may  be  circulating  in  the  blood,  particularly 
under  conditions  of  stress  following  angioplasty. 
Such  substances  would  induce  a  reduction  in  blood 
flow  through  the  recanalized  area  because  of  va¬ 
sospasm.  In  the  present  study,  two  types  of  vaso¬ 
spasm  were  observed.  One  type  was  observed  on 
the  ultrasound  videomonitor  during  thermal  irra¬ 
diation  (Fig.  3B,C).  The  vessel  walls  contracted 
around  the  metal  tip;  however,  such  a  spasm  was 
relieved  within  2  minutes  after  termination  of 
thermal  irradiation.  The  other  type  of  vasospasm 
was  drug-induced  postangioplasty.  In  the  present 
experiments  sensitivity  to  the  vasoactive  agent 
serotonin  was  increased  in  irradiated  vessels  com¬ 


pared  to  non-irradiated  vessels  with  a  resultant 
95%  reduction  in  flow,  which  was  persistent  for  a 
period  of  several  hours.  Interestingly,  such  sus¬ 
tained  vasospasm  was  relieved  by  high  concentra¬ 
tions  of  MgS04.  It  is  conceivabie  that  still  lower 
concentrations  of  MgS04  as  well  as  other  vasodi¬ 
lating  drugs  may  be  equally  effective  in  relieving 
postangioplasty  vasospasm.  The  fact  that  the  laser- 
irradiated  vessels  could  maintain  vasoreactivity 
is  significant. 
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INTRODUCTION  TO  LASER  PHYSICS 
AND  LASER-TISSUE  INTERACTIONS 

J.  Stuart  Nelson,  William  H.  Wright,  John  Eugene, 
and  Michael  W.  Berns 


This  chapter  provides  a  brief  description  of 
the  nature  of  the  laser,  how  it  works,  and  the 
fundamental  mechanisms  of  its  interaction 
with  tissue.  The  appropriate  and  effective 
medicJ  use  of  the  laser  depends  upon  an  ad¬ 
equate  appreciation  of  these  principles. 

To  start,  let  us  compare  the  laser  with  a  light 
bulb  (Fig.  32-1).  The  product  of  both  is  light, 
made  up  of  packets  of  energy  called  photons. 
The  laser  and  the  light  bulb  differ  in  how  their 
photons  are  organized.  The  light  from  a  light 
bulb  radiates  in  all  directions,  and  there  is  a 
direct  mathematical  relationship  between  the 
loss  of  light  intensity  and  the  distance  one 
moves  away  from  the  bulb.  In  the  laser,  the 
photons  are  emitted  parallel  (or  nearly  paral¬ 
lel)  to  and  in  phase  with  each  other  as  they 
travel  toward  infinity.  This  property  is  known 


as  coherence  and  explains  why  the  light  in¬ 
tensity  of  a  laser  does  not  decrease  very  much 
with  distance.  Indeed,  this  property  has  been 
used  by  scientists  to  send  a  laser  beam  to  the 
moon  and  back.  The  laser  beam  can  be  highly 
collimated  and  focused  to  spot  sizes  as  small 
as  a  single  organelle  within  a  living  cell  and 
into  small-diameter  fiberoptics  that  can  be 
passed  through  biopsy  ports  in  conventional 
endoscopes  as  well  as  catheters.1 2 3 

Another  feature  of  ordinary  light  (that  from 
a  light  bulb)  is  that  it  is  white  or  yellow-white 
in  color,  because  it  contains  all  the  different 
colors  and  wavelengths  in  the  visual  portion 
of  the  electromagnetic  spectrum  and,  hence, 
is  polychromatic.  A  glass  prism  placed  in  front 
of  a  light  bulb,  will  refract  the  different  wave¬ 
lengths  and  allow  the  constituent  colors  to  be 


FIGURE  32-1.  Characteristics  of 
light  from  a  conventional  light  bulb 
and  from  a  laser. 


(1)  Polychromatic 
(many  colors  -  white) 

(2)  Incoherent 

(not  in  same  direction) 

(3)  Not  intense 
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(al  in  phase  -  parallel) 
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seen.  With  the  laser,  the  prism  will  produce 
light  of  one  wavelength  and  one  color  I  lie 
light  from  the  laser  is  therefore  pure  or  mon¬ 
ochromatic.  This  property,  under  some  cir¬ 
cumstances,  allows  for  selective  absorption  of 
laser  energy  within  the  tissue  —  structures  w  uh 
high  absorption  at  a  laser  wavelength  can  he 
selectively  altered  or  destroyed. 

A  third  difference  between  the  two  light 
sources  is  in  their  intensity.  The  number  of 
photons  per  unit  area  of  emission  produced  by 
the  laser  is  much  greater  than  for  any  other 
light  source.  In  fact,  millions  more  photons  are 
emitted  by  a  laser  than  by  a  comparable  sur¬ 
face  area  of  the  sun.  For  example,  peak  pow¬ 
ers  of  1012  watts  can  be  obtained  with  certain 
short-pulsed  lasers.  One  can  also  vary  the 
laser  power  over  a  large  range  and  achieve 
quite  different  tissue  effects.  For  example,  a 
low-power  laser  may  be  used  to  gently  heat  a 
tissue,  with  perhaps  the  only  change  being  an 
increase  in  metabolic  rate,  whereas  a  high- 
power  pulsed  laser  may  be  used  to  achieve 
nonlinear  optical  effects  (e.g.,  optical  break¬ 
down),  causing  explosions  within  the  tissue.2 
In  general,  nonlinear  effects  are  avoided  in  the 
design  of  therapies,  and  to  date  very  high 
power  densities  are  used  only  in  ophthalmic 
surgery  and  in  the  destruction  of  urinary  tract 
stones. 

As  a  result  of  these  three  differences — co¬ 
herence,  monochromaticity,  and  intensity — 
the  laser  produces  a  highly  unique  form  of 
electromagnetic  radiation.  Otherwise,  the 
photons  from  the  laser  and  the  light  bulb  obey 
the  same  basic  laws  and  principles  governing 
their  interaction  with  molecules  and  tissues. 


BASIC  LASER  PRINCIPLES 

The  word  laser  is  an  acronym  derived  from 
fight  amplification  by  the  rtimulatcd  emission 


cl  /.ulutinn  I  he  .iinpliticatiun  of  the  sinmi- 
l.iied  emission  ot  i.idi.ilion  is  lhe  actual  phvs- 
ic.il  pioeess  dial  goes  on  within  the  laser  dc- 
'■  ice.  ‘ 

Id  understand  the  acrornm.  it  is  necessary 
to  examine  some  basic  atomic  physics,  f-'iguie 
'2-2  illustrates  two  atoms  existing  in  what  is 
teimed  the  ground  state,  the  lowest  possible- 
energy  level.  If  by  some  mechanism  the  elec¬ 
trons  of  these  atoms  are  excited  from  the 
ground  state  by  the  input  of  energy,  they  move 
to  a  higher  energy  level  called  the  excited  sin¬ 
glet  state.  The  source  of  this  energy  or  “pump¬ 
ing  system"  can  be  electrical,  chemical,  ra¬ 
diofrequency  waves,  or  light  from  a  flashlamp 
or  another  laser.  In  the  first  laser  built,  in  I960, 
the  energy  used  to  excite  the  atoms  inside  the 
laser  device  was  derived  from  a  flashlamp.  it 
is  at  that  point  in  the  process  that  the  produc¬ 
tion  of  laser  light  can  begin.  When  these  atoms 
are  in  the  excited  singlet  st.  '.e.  they  will  very 
quickly  drop  to  an  in-between,  long-lived  en¬ 
ergy  level  called  the  metastable  state.  This 
state  may  last  as  long  as  a  few  seconds,  as 
compared  to  10 “ ^  to  10 second  for  most  ex¬ 
cited  states.  This  explains  why  some  materials 
can  go  through  the  lasing  process  and  others 
cannot.  Only  atoms  and  molecules  with  a  met 
astable  state  in  the  energy  structure  can 
achieve  what  is  called  population  inversion 
and  undergo  stimulated  emission. 

What  happens  next  is  a  spontaneous  event. 
Those  atoms  existing  in  the  metastable  state 
spontaneously,  and  by  random  action,  return 
to  the  ground  state  with  the  loss  of  some  en¬ 
ergy.  This  loss  of  energy  occurs  in  the  form  of 
light — the  release  of  a  photon.  If  the  photon 
is  in  close  proximity  to  another  atom  still  in 
the  metastable  state  (remember  that  the  met¬ 
astable  slate  is  long-lived,  so  that  there  are 
going  to  be  many  atoms  still  at  that  energy 
level  at  a  given  moment),  it  will  collide  (inter¬ 
act)  with  the  other  atom.  This  interaction  stim- 


FiGURE  32-2.  Energy  transitions 
characteristic  of  atoms  in  stimulated 
emissions.  A.  Two  ground-state 
atoms  (1.3).  B.  Excitation  to  the  sin¬ 
glet  state.  C.  Transition  to  the  met- 
asiable  slate.  D.  Atom  I  sponta¬ 
neously  drops  to  the  ground  state, 
emitting  a  photon  that  stimulates 
atom  2  also  to  drop  to  the  ground 
state.  Both  photons  from  atom  1  and 
atom  2  have  the  same  wavelength 
and  travel  parallel  to  each  other  and 
in  phase. 
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whites  the  second  atom  to  return  to  its  ground 
state  and.  in  the  process,  emit  another  photon 
of  light.  This  phenomenon  is  termed  stimu¬ 
lated  emission  of  radiation.  It  is  a  basic  prin¬ 
ciple  of  physics  that  since  both  photons  come 
from  identical  energy  levels,  they  will  be  of 
the  same  wavelength  (color)  and  will  be  mov¬ 
ing  parallel  and  in  phase  with  each  other  (the 
property  of  coherence),  f  igure  32-2  illustrates 
the  process  of  lasing:  the  stimulated  emission 
of  one  photon  by  the  action  of  another  photon. 

Figure  32-3  presents  the  foregoing  on  a 
much  grander  scale.  Here  the  atoms  in  the  las¬ 
ing  medium  in  the  ground  state  are  represented 
by  open  circles  and  those  in  the  metastable 


FIGURE  32-3.  Schematic  of  ruby  laser  action  illustrating 
photon  cascade.  A,  Unstimulated  ruby  crystal;  a  few  chro¬ 
mium  atoms  (closed  circles)  are  spontaneously  in  the  sin¬ 
glet  or  metastable  state,  but  most  are  in  the  ground  state 
(open  circles).  B,  Energy  input  excites  ground-state  chro¬ 
mium  atoms  to  the  singlet  state,  whence  they  drop  down 
to  the  metastable  state  (closed  circles).  C.  Stimulated 
emission  of  excited  atoms  by  photons  of  stimulated  emit¬ 
ting  atoms.  D.  Photon  cascade  is  produced  by  reflection 
of  reflecting  ends;  stimulated  emission  continues.  E,  Fur¬ 
ther  photon  cascade  occurs  and  laser  light  passes  out  the 
partially  reflective  end. 


FIGURE  32-4.  Actual  components  of  the  first  ruby  laser, 
I960.  The  pencil  indicates  the  ruby  crystal;  the  flashlamp 
is  to  the  right  of  the  crystal. 


state  by  dark  circles.  Most  of  the  atoms  ini¬ 
tially  are  in  the  ground  state  and  are  subse¬ 
quently  excited  to  the  singlet  state  by  a  flash 
of  light.  They  rapidly  drop  down  to  the  met- 
astaeie  state.  Following  this  event,  sponta¬ 
neous  emission  occurs  as  described  above. 
The  two  emitted  photons  strike  other  atoms  in 
the  metastable  state,  causing  them  to  emit  pho¬ 
tons  in  parallel  and  in  phase  with  those  already 
present.  This  results  within  a  fraction  of  a  sec¬ 
ond  in  an  intense  buildup  of  many  photons,  or 
photon  cascade.  If  the  laser  cavity  has  oppos¬ 
ing  reflective  surfaces,  the  photons  will  be  os¬ 
cillated  through  the  medium  at  the  speed  of 
light,  stimulating  the  emission  of  more  pho¬ 
tons.  This  buildup  of  intensity  by  oscillation 
between  two  reflecting  surfaces  results  in  the 
final  process  in  lasing:  amplification.  By  per¬ 
mitting  the  release  of  some  photons  by  means 
of  one  partially  reflective  surface  at  one  end 
of  the  cavity,  the  result  is  a  bright,  intense, 
monochromatic  beam  of  light:  a  laser  beam. 

The  first  laser,  built  in  1960  by  Theodore 
Maiman,  used  synthetic  red  ruby,  which  is  a 
crystal  of  aluminum  trioxide  doped  with  chro¬ 
mium  atoms.  It  is  the  chromium  atoms  inside 
the  crystal  lattice  that  go  through  the  lasing 
process  to  produce  the  red  light.  The  alumi¬ 
num  trioxide  is  merely  a  crystal  structure  that 
holds  the  chromium  atoms  in  place.  Figure  32- 
4  is  a  picture  of  the  Maiman  laser,  a  notably 
small  apparatus  with  only  three  components: 
a  ruby  crystal,  a  flashlamp.  and  a  cavity  with 
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FIGURE  32-5.  Free  electron  laser 
at  the  University  of  California, 
Santa  Barbara. 


two  reflective  mirrors.  Figure  32-5  is  an  illus¬ 
tration  of  state-of-the-art  laser  technology,  the 
free  electron  laser.  This  laser,  which  cost 
many  millions  of  dollars  to  construct,  may  rep¬ 
resent  the  future  of  laser  technology  because 
of  its  potentially  broad  wavelength  tunability. 
Much  eng  teering  is  still  to  be  done  to  get  this 
laser  to  -  'ctical  level,  and  research  is  under 
way  on  possible  biomedical  applications. 

Figure  32-6A  shows  those  regions  in  the 
electromagnetic  spectrum  where  lasers  can  be 
utilized.  It  can  be  seen  that  lasers  occupy  3 
relatively  small  region  of  the  entire  spectrum. 
However,  this  portion  is  expanding  with  the 
development  of  the  free  electron  laser,  which 
eventually  may  be  manipulated  from  the  in¬ 
frared  to  the  ultraviolet  portions  of  the  spec¬ 
trum. 

Different  kinds  of  lasers  are  identified  by  the 
type  of  material  inside  the  device  that  under¬ 
goes  the  lasing  process  (e.g.,  the  argon  laser 
has  argon  gas  as  the  lasing  medium).  There  are 
four  categories  of  lasing  materials:  solid,  gas, 
liquid,  and  semiconductor.  Examples  of  solid- 
state  lasers  are  the  ruby  and  YAG  (yttrium- 
aluminum-gamet)  lasers.  Examples  of  gas  la¬ 
sers  are  the  helium-neon,  argon,  and  carbon 
dioxide  lasers.  Liquid  lasers  employ  complex 
organic  dyes  such  as  rhodaminc  and  coumarin 
in  a  solution  or  suspension.  Semiconductor  la¬ 
sers  use  two  layers  of  a  semiconductor  ma¬ 
terial  such  as  gallium  arsenide.  It  is  possible 
to  obtain  lasing  action  from  any  of  these  ma¬ 
terials  provided  their  atomic  structures  have 
mctastable  states  that  permit  the  stimulated 
emission  process  to  occur  (Fig.  32-6B). 


There  are  also  ways  to  modify  the  wave¬ 
lengths  obtainable  from  lasers.  Certain  crys¬ 
tals,  called  nonlinear,  asymmetric  crystals, 
take  photons  from  very  intense  light  and, 
through  an  interaction  of  these  photons  with 
the  crystal  lattice,  generate  laser  light  with 
twice  the  frequency  (half  the  wavelength)  of 
the  incident  radiation.  This  is  called  frequency 
doubling  or  harmonic  generation.  These  com¬ 
plicated  physical  processes  can  be  used  to 
double,  triple,  or  quadruple  the  wavelengths 
from  the  primary  laser  source.  If  the  primary 
laser  is  a  tunable  dye  laser,  it  is  possible  to 
greatly  increase  tne  number  of  wavelengths 
available  by  passing  the  dye  laser  output 
through  the  nonlinear  crystals  (Fig.  32-7). 

In  summary,  there  is  a  wide  range  of  lasers 
available  for  clinical  use.  The  dye  lasers,  and 
in  the  future  the  free  electron  laser,  can  be 
precisely  tuned  to  emit  photons  at  wavelengths 
that  match  absorption  peaks  of  tissue  chro- 
mophores,  thus  permitting  their  selective  de¬ 
struction  and  subsequent  tissue  ablation. 


DOSIMETRY 

Laser  light  is  a  form  of  energy  that  is  subject 
to  certain  fundamental  physical  laws  defined 
by  a  set  of  equations.  One  needs  to  understand 
these  relationships  in  order  to  properly  use  the 
laser  as  a  medical  tool.7 

Laser  light  emitted  from  the  standard  med¬ 
ical  device  is  generally  characterized  in  terms 
of  power,  measured  in  watts.  The  energy 
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Staled  iti  iiuilc-t  in  defined  ,i\  the  power  titties 
the  time  inters  at  during  which  tl  is  omit  feel 

Idiot cv  (joules)  -  powertw.au,;  «  time  (sec - 
ondst. 

For  most.  c.-n'.mercially  available  lasers,  the 
laser  beam  power  density  may  be  character¬ 
ized  by  a  gaussian  curve  in  two  dimensions  (a 
gaussian  spot).  For  this  type  of  beam.  the  spot 
size  (radius,  r)  is  defined  as  the  distance  from 
the  center  of  the  beam  to  the  point  on  the  pe- 
rinhcry  where  the  power  density  is  l/e:  of  that 
at  the  center  (Fig.  32-8)  The  beam  diameter 
is  tnen  twice  the  spot  size.  The  power  density 
or  irradiance  is  then  defined  as  the  power  ap¬ 
plied  per  unit  area  of  target  tissi’0' 

Power  density  =  power  (wattsl/ir  x  r|cm:). 

Fluence  is  defined  as  the  energy  applied  to  an 
area  of  target  tissue: 

Fluence  =  power  density  fwattsdcmd 

x  time  (seconds)  =  joules/ct.r. 

It  can  readily  be  appreciated  that  the  effect 
of  the  laser  beam  on  target  tissue  can  be  af¬ 
fected  by  any  of  three  variables:  power,  spot 
size,  and  time.  The  effects  of  power  and  time 
are  proportional,  whereas  that  of  spot  size  is 
an  inveise  square.  If  either  the  power  or  time 
is  doubled,  the  fluence  increases  by  a  factor 
of  two.  Flowevcr,  if  the  spot  size  (radius)  is 
decreased  by  a  factor  of  two,  the  fluence  will 
increase  by  a  factor  of  four.  Doubling  the  spot 
size  will  result  in  a  fourfold  reduction  in  the 
fluence  (Fig.  32-9). 

What  does  this  mean  with  respect  to  tissue 
effects?  If  the  clinical  objective  is  to  make  an 
incision,  the  surgeon  should  use  a  very  small 
spot  with  a  high  power  density,  because  a  laser 


FIGURE  32-8.  Laser  beam  profi'e 


with  those  characteristics  will  penetrate 
deeply  into  the  tissues  However,  if  the  intent 
■s  to  ablate  layer  by  layer  from  the  surface,  a 
larger  spot  size  with  a  lower  power  density 
should  be  used  (Fig.  32-10).  This  gives  the 
physician  a  way  to  control  the  effect  produced 
in  the  tissue  by  manipulating  either  the  spot 
size  or  the  power  of  the  laser  beam.  It  is  very 
important  to  recognize  this  principle  so  that 
the  physician  will  be  able  to  achieve  the  de¬ 
sired  clinical  results. 

A  continuous  wave  (CW)  laser  may  be  dif- 
terentiated  from  a  pulsed  laser,  which  pro¬ 
vides  bursts  of  energy.  The  CW  laser  under¬ 
goes  very  minimal  fluctuation  with  time, 
creating  a  steady  tiow  of  radiation.  A  pulsed 
laser  delivers  its  energy  in  the  form  of  a  single 
pulse  or  a  train  of  pulses.  The  frequency  or 
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pulse  repetition  rate  is  the  number  of  pulses 
emitted  in  1  second.  The  duration  of  the  pulse, 
or  pulse  width,  is  defined  as  the  total  time  re¬ 
quired  for  the  pulse  to  rise  from  zero  intensity, 
build  to  a  maximum,  and  then  fall  to  zero  in¬ 
tensity  again.  An  alternative  definition  for 
pulse  width  (used  for  short  pulses)  is  the  time 
between  the  50  per  cent  points  on  the  pulse 
curve.  This  is  called  full  width  at  half  maxi¬ 
mum  (FWHM;  Fig.  32-11). 

For  each  pulse,  the  energy,  irradiance,  and 
fluence  are  calculated  as  for  the  CW  laser  dc- 
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FIGURE  32-11.  Full  widih  ,n  half  maximum  is  defined 
as  the  time  between  the  50  percent  maximum  intensity 
points  on  the  pulse  curve 
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vet  i bed  aNnc.  noting  '.hat  the  laser  is  now  on 
lor  a  brief  time.  The  average  power  produced 
by  the  train  of  pulses  is  determined  by  multi¬ 
plying  the  pulse  power  by  the  pulse  repetition 
rate  and  the  pulse  width: 

Average  power  ixsatts) 

=  pulse  power  (watts) 
x  pulse  repetition  rate  (1  seconds  I 
x  pulse  width  (seconds). 

The  average  irradiance  and  fluence  are  cal¬ 
culated  in  the  same  manner  as  described  ear¬ 
lier. 

Several  methods  of  creating  pulses  of  laser 
light  are  available,  with  pulse  widths  ranging 
from  tenths  of  seconds  to  femtoseconds  (10~ 15 
second).  Because  these  techniques  can  be 
quite  complicated,  especially  in  producing 
very  short  pulse  widths,  they  are  not  discussed 
here. 


LASER-TISSUE  INTERACTIONS 

How  can  this  intense,  pure  beam  of  light  be 
utilized?  We  recall  that  light  from  lasers  fol¬ 
lows  the  basic  laws  of  photobiology.  The  one 
exception  is  for  extremely  short,  intense  laser 
pulses,  where  nonlinear  ever.ts  may  occur. 
These  events,  such  as  multiphoton  absorption, 
plasma  generation,  and  ionization,  occur  as  a 
function  of  photon  intensity  and  were  not  ob¬ 
served  until  extremely  short  (nanosecond  to 
picosecond)  laser  pulses  were  generated.  It  is 
important  to  recognize  that  the  interactions  of 
laser  radiation  with  living  tissue  are  complex 
phenomena  influenced  not  only  by  laser  pa¬ 
rameters,  such  as  power,  spot  size,  time,  and 
wavelength,  but  also  by  tissue  properties  (Fig. 
32-12). 2 

If  a  laser  beam  is  directed  at  a  tissue,  it  may 
be  reflected  back  to  the  source  or  to  another 
undesired  surface.  Since  tissues  reflect  light, 
their  reflectance  properties  are  important  con¬ 
siderations.  One  must  also  be  aware  that  in¬ 
struments  in  the  operative  field  may  reflect  the 
light  and  may  create  problems  and  health  haz¬ 
ards  for  the  patient  or  attending  personnel. 

If  reflectance  is  adequately  controlled  and 
th“  light  enters  the  tissue,  the  ultimate  event 
affecting  the  tissue  is  absorption  of  the  light. 
However,  two  things  can  happen  other  than 
absorption.  The  tissue  itself  can  scatter  the 
light.  The  light  can  literally  bounce  off  parti¬ 
cles  and  structures  in  the  tissue  and  scatter  to 
places  where  it  is  not  wanted.  Alternatively, 
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the  light  might  he  transmitted  right  through  the 
tissue  with  only  a  minimal  amount  being  ab¬ 
sorbed.  Since  every  tissue  has  reflective,  scat¬ 
tering,  and  transmissive  properties,  under¬ 
standing  these  tissue  characteristics  is  an 
important  aspect  of  knowing  how  to  use  the 
laser. 

The  process  of  absorption  is  the  key  to  ef¬ 
fective  laser  use.  Without  absorption,  there  is 
no  tissue  response.  When  photons  enter  the 
tissue,  those  that  are  not  reflected,  scattered, 
or  transmitted  are  absorbed.  Their  energy  is 
transferred  to  some  other  molecule  or  croup 
of  atoms  in  the  tissue  that  is  to  be  altered  or 
changed.  Where  and  how  is  this  energy  dis¬ 
sipated?  Normally  we  think  of  lasers  as  pro¬ 
ducing  heat,  and  in  probably  80  per  cent  of 
clinical  procedures  using  lasers,  they  arc  used 
for  the  production  of  some  kind  of  local  ther¬ 
mal  event.  However,  as  will  be  seen  later,  heat 
is  just  one  way  in  which  the  energy  of  the  pho¬ 
ton  can  be  dissipated  (Fig.  32-12).  The  im¬ 
portant  point  is  that  when  photon  energy  is 
absorbed,  the  absorbing  structure  or  tissue  has 
to  get  rid  of  that  energy  in  some  way,  and  it 
is  the  manner  in  which  this  energy  is  dissipated 
that  brings  about  the  different  biological  ef¬ 
fects  that  are  useful  clinically. 

For  light  energy  to  be  absorbed,  it  is  nec¬ 
essary  to  have  some  absorbing  molecule  in  the 
tissue.  These  molecules  are  generally  referred 
to  as  chromophorcs.  When  light  is  absorbed 
by  a  chromophore,  the  photon  energy  be¬ 
comes  invested  in  the  chromophore.  in  Figure 
32-13  are  plotted  the  absorption  spectra  of  two 
common  molecules  that  function  as  chromo¬ 
phobes:  hemoglobin  anil  water.  Hemoglobin 
has  a  very  high  absorption  in  the  violet  and 


blue-green  portions  of  the  spectrum.  The  ab¬ 
sorption  starts  to  decline  in  the  red  region  of 
the  spectrum;  hemoglobin  appears  red  be¬ 
cause  it  does  not  absorb  red  light.  This  is  the 
rationale  for  using  an  argon  laser,  which  emits 
blue-green  light,  as  the  primary  treatment  for 
vascular  lesions  such  as  hemangiomas  and 
port-wine  stains.  Hemoglobin  absorbs  the 
blue-green  photon  energy,  which  is  convened 
to  heat,  which  in  turn  destroys  the  blood  ves¬ 
sel.  This  may  not  be  as  selective  a  process  as 
anticipated  because,  even  with  selective  ab¬ 
sorption  by  the  hemoglobin  molecule,  the  heat 
that  destroys  the  blood  vessel  (unless  it  is  pre¬ 
cisely  confined  just  to  this  area),  will  radiate 
out  in  all  directions  and  may  still  destroy  the 
overlying  skin  layers  or  adjacent  structures. 
Nev  er  procedures  are  being  developed  with 
shon-pulsed  lasers,  in  which  the  energy  is  con¬ 
fined  to  a  very  shon  period  of  time,  reducing 
the  spread  of  the  heat  to  surrounding  struc¬ 
tures.*  Water,  on  the  other  hand,  has  no  ab¬ 
sorption  in  the  visible  portion  of  the  spectrum 
and  very  minimal  absorption  in  the  near-in¬ 
frared  portion.  However,  further  out  in  the  in¬ 
frared  (past  2  M-m)  water  has  significant  ab¬ 
sorption.  For  this  reason  a  carbon  dioxide 
laser  can  have  a  direct  effect  on  any  tissue  in 
the  body.  Proper  use  of  a  carbon  dioxide  laser 
can  be  compared  clinically  to  performing  a 
dermabrasion,  because  the  laser  gradually  re¬ 
moves  cells  layer  by  layer  by  the  volatilization 
of  water  present  in  the  tissue.  The  photons  of 
the  neodymium:YAG  (Nd:  YAG)  laser,  on  the 
other  hand,  are  very  poorly  absorbed  by  he¬ 
moglobin.  water,  and  other  body  pigments. 
This  is  why  the  Nd:YAG  laser  will  penetrate 
much  more  deeply  into  tissue  and  affect  a 


much  greater  volume  of  tissue  than  either  the 
argon  or  the  carbon  dioxide  laser. 

In  summary,  selection  of  the  correct  laser 
for  a  particular  clinical  procedure  requires  an 
understanding  of  the  absorptive  as  well  as  the 
reflective,  scattering,  and  transmissive  prop¬ 
erties  of  the  target  tissue.9 


HEAT 

Given  that  one  goal  of  laser  therapy  is  the 
precise  control  of  thermal  energy,  one  must 
first  understand  the  sequelae  of  tissue  heating. 
Figure  32-14  shows  the  effect  ofa  rise  in  tem¬ 
perature  in  a  typical  tissue  being  irradiated.  As 
the  temperature  rises  to  between  37°  and  60° 
C.  the  tissue  starts  to  retract  and  conforma¬ 
tional  changes  occur.  At  a  temperature  above 
60°  C.  there  is  protein  denaturation  and  co¬ 


agulation.  From  90°  to  100°  C,  carbonization 
and  burning  of  tissue  occur.  Above  100°  C,  the 
tissue  is  vaporized  and  ablated.  Ideally  from 
a  clinical  point  of  view,  the  physician  should 
be  able  to  confine  the  heating  process  to  any 
one  of  these  thermal  ranges  to  produce  the  de¬ 
sired  clinical  result.  Physicians  experienced  in 
laser  therapy  acquire  the  ability  to  discern 
these  tissue  changes  visually  so  that  the  heat¬ 
ing  process  can  be  stopped  at  the  desired 
point.  It  is  therefore  important  that  physicians 
planning  to  use  lasers  take  a  basic  course  with 
hands-on  tissue  studies  as  well  as  complete  a 
preceptorship  with  an  instructor  who  has  con¬ 
siderable  experience  with  lasers  and  can  help 
them  develop  the  requisite  skills.10 

It  is  important  to  recognize  that  heat  ra¬ 
diates  in  all  directions  around  the  crater  pro¬ 
duced  by  tissue  vaporization.  The  result  will 
be  successive  circumambient  zones  of  car- 
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bonization.  vacuolization,  and  edema  as  the 
heat  is  dissipated  (Fig.  32-15).  The  zones  of 
vacuolization  and  edema  may  be  irreversibly 
affected  and  eventually  become  necrotic  and 
slough  off.  or  they  may  be  repaired  The  laser 
is  not  necessarily  going  to  produce  a  nice, 
clean  cut  by  vaporization  while  leaving  all 
other  tissues  completely  unaffected.  The  ob¬ 
jective  of  many  laser  procedures  is  to  minimize 
these  other  zones  of  thermal  injury  while  max¬ 
imizing  tissue  removal. 
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PHOTOCHEMISTRY 

Photon  energy  may  also  be  dissipated  by 
photochemistry.  The  basic  concept  of  photo¬ 
chemistry  is  that  certain  molecules  (natural  or 
applied)  can  function  as  photosensitizers.  The 
presence  of  these  photosensitizers  in  certain 
cells  makes  them  vulnerable  to  light  at  wave¬ 
lengths  absorbed  by  the  chromophore.  The  ex¬ 
cited  photosensitizer  subsequently  reacts 
(transfers  its  energy)  with  a  molecular  sub¬ 
strate,  such  as  oxygen,  to  produce  highly  re¬ 
active  singlet  oxygen,  which  causes  irrevers¬ 
ible  oxidation  of  some  essential  cellular 
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FIGURE  32-17.  Patient  with  superficial  recurrence  of  breast  cancer.  A,  before  photodynamic  therapy.  B,  24  hours 
after  treatment;  note  the  black,  necrotic  tumor  nodules. 


component.  All  of  this  occurs  without  the  gen¬ 
eration  of  heat.  The  most  common  clinical  use 
of  this  mechanism  has  been  in  the  treatment 
of  cancer  after  sensitization  with  hematopor- 
phyrin  derivative  (HPD).  Although  the  mech¬ 
anism  of  HPD’s  preferential  localization  in 
malignant  cells  is  uncertain,  it  is  well  estab- 
shed  that  the  total  time  the  HPD  is  retained 
a  the  malignant  tissue  is  much  longer  than  in 
nonmalignant  tissue,  from  which  it  is  generally 
cleared  between  24  and  72  hours.  As  a  result, 
there  is  a  window  of  time  in  which  one  can 
exploit  the  differences  in  HPD  concentration 
to  bring  about  the  selective  photodegradation 
of  malignant  tissue  (Fig.  32-16). 

Clinically,  photodynamic  therapy  is  carried 
out  by  a  two-step  procedure.  HPD  is  first  ad- 
ninistered  intravenously  in  the  range  of  2  to 
.<  mg/kg  body  weight.  After  a  delay  of  24  to  72 
hours  to  allow  for  the  localization  in  malignant 
tissue,  the  tumor  is  irradiated  with  visible  red 
light  tuned  to  630  nm.  Shortly  after  light  ad¬ 
ministration,  the  tumor  becomes  necrotic 
(usually  within  24  hours),  and  when  effectively 
treated,  the  tumor  becomes  a  nonpalpable 
scab,  which  is  usually  sloughed  off  within  a 
few  days  (Fig.  32-17).  The  high  therapeutic 
ratio  and  relative  lack  of  morbidity  have  made 
this  potentially  a  very  attractive  form  of  ther¬ 
apy.  Treatment  parameters  have  been  refined 
such  that  therapy  can  be  undertaken  with  a 
reasonable  expectation  of  good  results  in  both 
animal  and  human  trials.  Although  it  can  be 
used  to  eradicate  relatively  large  tumors,  it  ap¬ 
pears  to  be  especially  advantageous  in  the  pa¬ 
tient  with  a  thin,  superficial  tumor  easily  ac¬ 
cessible  to  light." 

This  technique  may  also  have  application  to 


vascular  surgery.  For  example,  Spears  et  al.IJ 
have  described  the  selective  photosensitiza¬ 
tion  of  atheromas  with  HPD,  and  Pollock  et 
al.,J  have  demonstrated  that  HPD-sensitized 
atheromas  can  be  surgically  excised  (by  en¬ 
darterectomy)  with  less  laser  energy  than  non- 
sensitized  atheromas.  This  could  result  in  less 
perforation  and  damage  to  the  underlying  ves¬ 
sel  wall. 


FLUORESCENCE 

Photon  energy  may  be  dissipated  as  the 
reemission  of  light.  If  this  happens  within  I0~6 
seconds  after  absorption,  it  is  called  fluores¬ 
cence.  The  fluorescent  photon  is  emitted  as 
the  excited  atom  returns  to  the  ground  state. 
However,  because  some  energy  is  lost  by  col¬ 
lisions  with  other  atoms  in  the  excited  state, 
the  energy  of  the  fluorescent  photon  L  lower 
(and  therefore  the  wavelength  is  longer)  than 
the  absorbed  photon.  How  can  this  be  used 
diagnostically? 

It  turns  out  :hat  many  of  the  photosensitiz¬ 
ing  dyes  used  to  induce  photochemistry  are 
also  fluorescent.  If  in  the  case  of  HPD,  a  400 
nm  blue-violet  light  from  a  krypton  laser  is 
used  with  an  appropriate  filter  and  image  in- 
tensifier,  fluorescence  can  be  observed  in  ma¬ 
lignant  tissue  (Figure  32-18).  It  would  then  be 
possible  to  switch  over  to  630  nm  red  tight  and 
bring  about  the  photochemical  reaction  to  kill 
the  cells  containing  the  photosensitizer.  This 
technique  has  a  great  deal  of  promise  clinically 
and  is  being  used  in  the  detection  of  occult  lung 
tumors  and  to  determine  the  extent  of  super¬ 
ficial  skin  tumors  as  well  as  to  delineate  tumors 
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FIGURE  32-1*.  Patient  with  recurrent  breast  carcinoma  injected  previously  with  HPD.  Blue-violet  400  nm  light  from 
a  krypton  laser  is  used  with  appropriate  filters,  and  red  fluorescence  can  be  observed  in  malignant  cells.  A.  Before  HPD 
injection;  B.  48  hours  after  injection,  red  fluorescence  is  evident. 


and  dysplasia  in  the  bladder.14  If  the  image 
intensifies  presently  under  development  fce- 
come  sensitive  enough,  it  would  theoretically 
be  possible  to  detect  just  a  few  photons  of  light 
coming  from  a  small  group  of  cells  or  maybe 
even  from  a  single  malignant  cell. 

Intravascularly,  laser-induced  fluorescence 
is  being  developed  to  distinguish  normal  from 
diseased  (atherosclerotic)  vessels  as  well  as  to 
differentiate  qualitatively  and  quantitatively 
the  different  classifications  of  plaque  (see 
Chapter  46). 

Laser-stimulated  fluorescence  can  also  be 
used  analytically  to  scan  large  populations  of 
cells  that  are  passed  through  a  laser  beam  in 
a  cytofluorometer.  In  addition,  lasers  may  be 
used  to  excite  small  microscopic  regions  of 
single  cells  to  study  the  binding  and  movement 
of  biologically  imoortant  molecules.'5 


PHOTOABLATION 

Photoablation  occur,  when  pulsed,  high-en¬ 
ergy  ultraviolet  photon,  produced  by  an  ex- 
cimer  laser  are  absorbed  on  the  surface  of  an 
organic  substrate.1617  Since  ultraviolet  radia¬ 
tion  is  absorbed  intensely  by  most  biological 
molecules,  the  penetration  depths  are  only  a 
few  micrometers.1  *  This  combination  of  high 
absorption  and  high  individual  photon  energy 
results  in  the  direct  transfer  of  energy  within 


the  absorbing  molecule  to  the  bonds  that  hold 
the  molecule  together.  When  the  incoming 
ultraviolet  energy  exceeds  the  molecular 
bonding  energy  (the  ablation  threshold),  the 
substrate  will  undergo  random  bond  scission 
and  be  reduced  to  its  atomic  constituents. 
The  rapid  expansion  created  by  this  excita¬ 
tion  and  bond  cleavage  gives  rise  to  the  actual 
ejection  of  fragments  at  supersonic  veloc¬ 
ities — the  ablation  phenomenon.  Although 
the  question  of  heat  generation  in  this  process 
has  not  been  resolved,  it  is  clear  that  the  tis¬ 
sue  degradation  process  is  by  a  nonthcrmal 
process. 

This  feature  has  been  exploited  experimen¬ 
tally  to  produce  well-defined,  nonthermal  cuts 
of  very  small  widths  by  excimer  lasers  at  sev¬ 
eral  ultraviolet  wavelengths  (argon  fluoride, 
193  nm;  krypton  fluoride,  248  nm;  xenon  chlo¬ 
ride,  308  nm;  xenon  fluoride,  351  nm).  This 
process  may  have  many  promising  applica¬ 
tions  in  ophthalmology,  dermatology,  vascular 
surgery,  orthopedics,  and  neurosurgery, 
where  precise  athermal  tissue  removal  would 
be  highly  desirable  (Fig.  32-19). 

IONIZATION 

ionization  is  the  ejection  of  an  electron  from 
an  atom,  and  it  is  generally  felt  that  the  indi¬ 
vidual  photons  generated  from  existing  lasers 
do  not  have  enough  energy  to  cause  the  ab- 
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FIGURE  32-19.  A.  Incisional  ablalion  of  corneal  stroma 
with  193  nm  radiation  from  an  excimer  laser.  B.  Histology 
reveals  a  clean,  nonthermai  cut. 


sorbing  molecule  to  lose  an  electron.  How¬ 
ever,  it  is  possible  to  have  absorption  of  more 
than  one  photon  simultaneously  in  a  “multi- 
photon  process.’"9  This  has  been  observed  in 
solutions  and  in  living  cells,  but  in  most 


present  clinical  situations  ionization  does  not 
occur.  With  an  x-ray  laser  (currently  under  de¬ 
velopment  for  military  use),  the  photon  energy 
would  of  course  be  high  enough  to  cause  the 
ejection  of  an  electron. 
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PLASMA  FORMATION 

Plasma  formation  is  the  one  laser-tissue  m- 
teraction  that  does  not  obey  the  hasie  photo- 
biological  principle  of  reciprocity,  which 
states  that  an  effect  is  independent  of  the  time 
period  within  which  the  photons  are  delivered 
ti  e.,  it  is  power  dependent).  With  the  ad”  mt 
of  Q-switched  (nan^cenue)  and  short-pulsed, 
mode  leaked  (picosecond)  lasers,  it  has  be¬ 
come  possible  to  generate  very  high  power 
densities  (measurable  in  gigawatts  per  square 
centimeter)  in  focal  spots  of  25  to  50  microns. 
When  these  lasers  are  precisely  focused  on  a 
small  spot  of  tissue,  unusual  nonlinear  events 
occur.1  It  is  possible  to  generate  a  plasma, 
which  is  a  gaseous  cloud  rich  in  free  electrons. 
This  plasma  has  sometimes  been  called  the 
“fourth  state  of  matter"  because  its  properties 
are  very  different  from  those  of  solids,  liquids, 
or  gases.  Because  of  the  sudden  production  of 
an  electrical  field  in  I0-9  to  10" 11  seconds,  an 
intense  acoustical  shock  wave  is  generated  in 
the  medium.  This  acoustic  wave  emanating 
from  the  focus  carries  potentially  damaging  ki¬ 
netic  energy  and  has  been  used  clinically  in 


FIGURE  32-20.  High  power  density  from  i  short-pulsed 
laser  produces  an  acoustical  shock  wave,  destroying  a  uri¬ 
nary  calculus.  A.  Prelaser:  U,  postlaser. 


the  esc  lu  i Chios c  secondary  cataracts  tn  the 
posterior  capsule  as  well  experimentally  to 
fracture  recalcitrant  unn.it  v  calculi  (Fie.  32- 
20). 

In  summary,  all  I  he  mechanisms  discussed 
have  biomedical  appbeat  Tiic  most  effec¬ 
tive  us-  o<  ::;c  laser  requires  an  understanding 
of  these  different  mechanisms. 


TYPES  OF  LASERS 
Argon  Laser 

The  argon  laser  emits  blue-green  light  at  six 
different  wavelengths,  ranging  from  457.9  to 
514.5  nm.  with  80  percent  of  the  energy  being 
contained  in  the  488  to  514.5  nm  peaks.  The 
device  uses  a  very  high  electrical  current 
passed  through  argon  gas  to  excite  the  argon 
atoms  into  the  singlet  state.  The  argon  laser 
operates  on  a  continuous  wave  basis  and  is 
capable  of  average  powers  up  to  approxi¬ 
mately  20  watts.  Transmission  of  the  light  to 
the  target  is  usually  through  a  glass  optical 
fiber  that  can  be  coupled  to  either  an  operating 
microscope  or  a  handpiece  or  used  directly 
through  a  variety  of  endoscopes. 

The  argon  laser  light  has  the  ability  to  pen¬ 
etrate  intact  overlying  skin  or  clear  ocular 
structures  to  be  primarily  absorbed  in  tissue 
by  the  chromophores  hemoglobin  and  mela¬ 
nin.  If  these  chromophores  are  present,  the 
argon  laser  photon  energy  is  converted  to  heat, 
producing  an  area  of  thermal  damage  centered 
around  the  target  chromophore  structure. 

The  principal  applications  of  the  argon  laser 
have  been  in  the  fields  of  ophthalmology,  plas¬ 
tic  surgery,  and  dermatology.  One  of  the  first 
major  medical  applications  of  lasers  was  the 
use  of  the  argon  laser  in  the  treatment  of  di¬ 
abetic  retinopathy  in  the  early  1970s.  This  dis¬ 
ease  is  characterized  by  the  excessive  growth 
of  blood  vessels  in  response  to  hypoxia  on  the 
surface  of  the  retina  and  into  the  vitreous.  The 
result  may  be  major  hemorrhage  and  eventual 
retinal  detachment,  leading  to  a  drastic  reduc¬ 
tion  in  visual  acuity.  In  early  studies,  the  laser 
was  used  to  selectively  destroy  the  newly  pro¬ 
liferating  blood  vessels  by  focusing  the  laser 
directly  on  the  blood  vessel  itself.  However, 
this  technique  has  given  way  to  panretinal  pho¬ 
tocoagulation,  which  involves  exposure  of  the 
entire,  already  ischemic  retina  rather  than  the 
new  blood  vessels  themselves.  The  argon  laser 
has  also  been  used  for  a  variety  of  other  retinal 
vascular  disorders  including  central  retinal 
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vein  occlusion,  branch  vein  occlusion.  Hales's 
disease,  and  senile  macular  degeneration.2" 

In  plastic  surgery  and  dermatology,  the 
argon  laser  is  the  mainstay  of  treatment  for 
multiple  superficial  or  cutaneous  vascular  le¬ 
sions.  including  port-wine  stain,  hemangioma, 
telangiectasia,  senile  angioma,  and  acne  ro¬ 
sacea.  The  argon  laser  light  is  absorbed  by  he- 
noglobin  in  the  dilated,  ectatic  capillaries  of 
these  lesions,  causing  thermal  damage  and 
thrombosis  while  sparing  adjacent  skin  appen¬ 
dages.  As  the  treatment  site  heals,  fibrosis  oc¬ 
curs  and  the  targeted  lesion  is  replaced.  Good 
to  excellent  results  with  significant  color 
change  without  scarring  occur  in  80  percent  of 
cases.  An  ever-widening  variety  of  benign  pig¬ 
mented  cutaneous  lesions  are  also  amenable 
to  argon  laser  treatment  because  of  the  pres¬ 
ence  of  melanin.  Argon  laser  treatment  of  dec¬ 
orative  tattoos  is  a  simple,  efficient  outpatient 
procedure  using  local  anesthesia.  The  results 
are  comparable  to  or  minimally  superior  to 
conventional  methods,  which  may  be  more 
time  consuming  or  complicated. 


Carbon  Dioxide  Laser 

The  carbon  dioxide  (C02)  laser  is  currently 
the  most  frequently  used  surgical  laser.  This 
laser  has  a  spectral  emission  in  the  middle  to 
far-infrared  portion  of  the  spectrum  at  10,600 
nm  (10.6  p.m).  The  C02  laser  is  a  gas  laser  that 
uses  a  mixture  of  carbon  dioxide,  nitrogen, 
and  helium  as  the  lasing  medium  Excitation 
of  the  lasing  medium  is  most  commonly 
achieved  by  high-voltage  electrical  current.  To 
obtain  adequate  energy  transfer,  an  interme¬ 
diary  nitrogen  atom  is  first  excited,  with  the 
energy  subsequently  transferred  to  C02 
atoms.  After  the  C02  atom  decays  and  emits 
infrared  energy,  the  molecule  is  brought  down 
to  the  gt^und  state  through  collisions  with  the 
helium  atoms.  Light  of  this  wavelength  is  not 
currently  capable  of  fiberoptic  transmission 
(although  fiberoptics  and  hollow  wave  guides 
for  the  C02  laser  are  under  intensive  devel¬ 
opment)  and  must  therefore  be  delivered  to  the 
tissue  through  an  art!  bating  arm  that  con¬ 
tains  a  series  of  reflecfi-.g  mirrors  terminating 
in  a  handpiece  with  a  focusing  lens.  Since  the 
C02  laser  beam  is  invisible,  a  red  helium-neon 
laser  beat,*  of  very  low  intensity  is  employed 
as  an  ai  .  ng  device  in  all  commercial  systems. 

The  C'  .  laser  wavelength  is  highly  ab¬ 
sorbed  by  water.  The  absorption  is  so  efficient 
that  98  percent  of  the  incident  energy  is  ab¬ 


sorbed  within  approximately  0.01  mm  of  the 
impact  point.  This  causes  rapid,  localized  heat 
production,  resulting  in  immediate  boiling  and 
vaporization  of  intracellular  water  within  the 
tissue  and,  hence,  tissue  ablation. 

Because  all  living  tissue  contains  70  to  90 
percent  water,  the  C02  laser  has  multiple  ap¬ 
plications  in  medicine  and  surgery.21  The  C02 
laser  may  serve  as  a  "light  scalpel"  for  ac¬ 
complishing  incisional  or  exdsional  proce¬ 
dures  involving  infected  or  highly  vascular  le¬ 
sions  or  in  lesions.  located  in  a  highly 
vascularized  anatomic  region.  Here  the  beam 
diameter  is  reduced  to  its  minimum  possible 
size,  usually  in  the  range  of  0. 1  to  0.2  mm.  The 
power  output  is  relatively  high,  resulting  in  ir- 
radiance  values  in  the  range  of  25,000  watts/ 
cm2.  The  actual  depth  of  the  incision  will  de¬ 
pend  upon  the  power  and  the  rate  of  movement 
of  the  beam  across  the  tissue.  The  heat  con¬ 
ducted  to  the  surrounding  tissue  is  capable  of 
coagulating  blood  vessels  up  to  0.5  mm  in  di¬ 
ameter.  Vessels  larger  than  this  may  also  be 
sealed  with  minimal  damage  by  applying  laser 
energy  directly  to  the  end  of  the  severed  vessel 
after  it  has  been  clamped.  The  beam  has  also 
been  demonstrated  to  spontaneously  seal  lym¬ 
phatic  vessels,  raising  the  possibility  that  the 
C02  laser  may  have  a  unique  advantage  in 
dealing  with  lesions  that  have  a  potential  for 
lymphatic  spread. 

The  C02  laser  can  also  be  used  as  a  tool  for 
the  vaporization  and  ablation  of  multiple  su¬ 
perficial  lesions.  Here  the  beam  is  applied  to 
the  tissue  in  a  defocused,  large  spot  size  (2  to 
5  mm)  at  low  power,  resulting  in  irradiances 
in  the  range  of  150  to  500  watts/cm2.  When  the 
laser  is  used  in  this  manner,  the  final  result  is 
a  broad  but  shallow  zone  of  tissue  ablation.  In 
gynecology,  C02  laser  vaporization  of  precan- 
cerous  lesions  of  the  cervix,  vagina,  and  vulva 
can  be  performed  as  an  outpatient  procedure 
under  local  anesthesia.  Condyloma  acumina¬ 
tum  is  very  effectively  treated  by  C02  laser 
vaporization.  Here  the  laser  is  of  particular 
value  in  difficult-to-reach  lesions  or  when  sur¬ 
face  contour  must  be  preserved  with  minimal 
damage  Furthermore,  high  local  temperatures 
sterilize  and  eliminate  the  virus  from  the 
field.22 

In  summary,  the  ubiquitous  C02  laser  has 
allowed  many  physicians  to  perform  a  large 
number  of  procedures  on  an  outpatient  basis 
that  previously  required  hospitalization.  Pre¬ 
liminary  studies  have  suggested  that  there  is  a 
lower  incidence  of  recurrence,  less  pain,  faster 
healing,  less  scarring,  and  a  lower  risk  of  com- 
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plications  following  CO;  laser  surgery.  How¬ 
ever.  these  data  are  still  very  preliminary  and 
not  uniformly  tree  tor  all  pgier/s  old  proce¬ 
dures. 


YAG  Laser 

The  YAG  laser  is  a  solid-state  laser  com¬ 
prised  of  an  yurium-aluminum-garnet  crystal 
doped  with  one  of  several  elements  that 
undergo  flashiamp-excitcd  stimulated  emis¬ 
sion.  The  most  common  doping  element  is 
neodymium  (Nd).  which  emits  primarily  at 
1.06  p.m.  However,  it  is  also  possible  to  op¬ 
timize  the  Nd:YAG  laser  for  1.3  yim  (which, 
because  of  a  slightly  better  water  absorption, 
is  being  experimented  with  for  gentle  tissue 
welding  procedures). 

The  1.06  micron  YAG  laser  is  constructed 
either  as  a  heat-producing  CW  device  for  gen¬ 
eral  surgical  and  endoscopic  procedures,  or  as 
a  short-pulsed  (picosecond  or  nanosecond)  de¬ 
vice.  used  exclusively  in  ophthalmology  for 
secondary  cataract  destruction  via  a  plasma- 
generated  shock  wave. 

Surgical  application  of  the  YAG  is  generally 
indicated  when  deep  thermal  coagulation  of 
several  centimeters  or  more  is  desired,  for  ex¬ 
ample,  for  the  coagulation  and  necrosis  of  ob¬ 
structions  in  the  airways,  the  esophagus,  or 
the  urogenital  tract.  It  is  also  used  for  the  treat¬ 
ment  of  gastrointestinal  bleeding.  The  fact  that 
the  1.06  p.m  beam  can  be  readily  transmitted 
by  conventional  glass  fiberoptics  makes  this 
laser  particularly  attractive  for  endoscopic 
procedures.  However,  because  of  the  deeper 
penetration  of  this  wavelength  through  tissue 
due  to  the  absence  of  a  strongly  absorbing 
chromophore.  this  laser  should  be  used  with 
considerable  caution  by  highly  laser-experi¬ 
enced  physicians. 

The  1.06-p.m  YAG  laser  may  also  be  used 
in  combination  with  a  solid  sapphire  crystal 
affixed  to  the  end  of  the  fiberoptic.  This  ap¬ 
proach  permits  direct  contact  of  the  fiber  with 
the  tissue  via  the  sapphire  tip.  A  variety  of  tips 
with  different  geometries  can  focus  the  beam 
in  such  a  way  that  tissue  ablation  can  be 
achieved  with  desired  geometries  (incisional, 
radial,  coagulation,  etc.).  In  addition,  it  is  sug¬ 
gested  that  this  mode  of  application  permits 
both  some  degree  of  surgical  "touching,”  and 
better  control  of  unwanted  tissue  scattering 
and  transmission  of  the  beam.  The  technique 
will  undoubtedly  have  some  application  in 


ccnci.il  .Hid  v.i-ciilar  '.uigciv.  hut  il  has  yet  to 
he  fully  defined  (see  Chapter  W ) . 

Another  type  of  YAG  lav.,  i .  the  KTP  fre¬ 
quency-doubled  YAG.  This  device  uses  sec¬ 
ond  harmonic  generation  (sec  section  on 
"Basic  Laser  I’rinciples")  to  generate  532  nm 
(green)  laser  light.  These  lasers  can  deliver  up 
to  20  watts  in  continuous  wave  format  and 
have  been  approved  for  many  of  the  same  pro¬ 
cedures  as  the  argon  laser  (vascular  lesions) 
and  the  COj  laser  (tissue  ablation  of  lesions  on 
the  skin  and  in  the  gynecological,  gastrointes¬ 
tinal.  and  urological  tracts). 

Finally,  there  are  other  YAG  lasers  that  are 
doped  with  elements  such  as  erbium  (2.94  |xm) 
and  hoimium  (2.1  gun).  Because  these  wave¬ 
lengths  are  capable  of  fiberoptic  transmission 
and  are  on  the  water  absorption  peaks,  they 
may  have  considerable  application  in  endo¬ 
scopic  surgery.  They  may,  in  fact,  replace  the 
COi  laser.  In  addition,  these  lasers  can  operate 
in  a  pulsed  mode  and  produce  tissue  ablation 
by  rapid  volatilization  of  water,  resulting  in 
minimal  thermal  damage  to  surrounding  tis¬ 
sue.  These  lasers  arc  still  considered  experi¬ 
mental. 


EXC1MER  LASERS 

The  excimer  laser  produces  coherent  pulses 
of  light  at  different  ultraviolet  wavelengths. 
(The  word  excimer  is  actually  a  contraction  of 
"excited  dimer"  and  pronounced  similarly.) 
Initially,  laser  transitions  were  based  on  en¬ 
ergy  changes  in  the  excited  dimer  Xe2.  Current 
excimer  lasers  use  compounds  of  rare  gases 
and  halogens,  which  are  excited  complexes 
rather  than  excited  dimers,  but  the  name  has 
persisted.  Excimer  output  can  be  varied  be¬ 
tween  355  nm  (near-ultraviolet)  and  157  nm 
(far-ultraviolet)  by  changing  the  mixture  of  the 
gases. 

The  mechanism  of  action  of  the  excimer 
laser  differs  from  that  of  visible  light  and  in¬ 
frared  lasers  in  that  the  ultraviolet  photon  en¬ 
ergy  is  high  enough  to  cause  photodissocia- 
lion,  or  the  direct  breaking  of  intramolecular 
bonds  in  polymeric  chains  without  the  pro¬ 
duction  of  heat.  This  produces  sharp,  clean 
cuts  with  little  surrounding  thermal  tissue 
damage.  Although  ultraviolet  laser  pulses  are 
energetic  enough  to  break  intramolecular 
bonds,  there  is  considerable  controversy  over 
whether  there  is  also  a  thermal  component. 
Perhaps  most  of  the  energy  of  the  ultraviolet 
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laser  pulse  goes  into  the  thermal  phase  change 
associated  with  tissue  vaporization.  Ablated 
fragments  are  ejected  from  the  tissue  surface 
at  supersonic  velocities  and  carry  most  of  the 
energy  with  them,  leaving  little  energy  to  dam¬ 
age  the  surrounding  tissue,  fight  focusing  of 
the  laser  beam  increases  the  precision  of  the 
cut;  defocusing  seems  to  induce  more  diffuse 
thermal  changes  in  tissue. 

Excimer  lasers  arc  used  in  photochemistry 
to  provoke  photochemical  reactions  in  re¬ 
search  and  production  processes,  including 
the  enrichment  of  uranium.  They  are  also 
being  used  to  photoetch  polymers — for  ex¬ 
ample,  to  produce  electronic  circuits  previ¬ 
ously  made  by  a  photographic  process.  This 
etching  ability  has  led  to  the  suggestion  that 
excimer  lasers  could  have  medical  applica¬ 
tions.17 

There  are  four  main  research  areas  in  which 
a  clinical  role  for  the  excimer  laser  is  being 
investigated.  One  of  the  most  promising  ap¬ 
plications  of  this  technology  appears  to  be  in 
the  treatment  of  several  ocular  disorders,  be¬ 
cause  of  the  potential  for  changing  the  eye's 
refractive  power  by  precisely  removing  cor¬ 
neal  tissue  without  generating  secondary  heat 
effects.  Ablation  of  the  corneal  stroma  with 
argon  fluoride  (193  nm)  radiation  has  been 
shown  to  produce  clean,  nonthermal  cuts. 
Long-term  studies  are  needed,  but  the  pros¬ 
pects  for  early  clinical  use  for  corrective  re¬ 
fractive  surgery  seem  good. 

In  dermatology,  the  extreme  precision  of  the 
excimer  laser  may  be  better  than  that  of  the 
traditional  scalpel  for  removing  mass  skin  le¬ 
sions.  Krypton  fluoride  (248  nm)  radiation  has 
the  ability  to  both  cut  tissue  and  coagulate 
biood.  This  is  not  possible  at  193  nm.  a  wave¬ 
length  that  is  highly  absorbed  by  blood.  Other 
uses  include  the  selective  ablation  of  subcu¬ 
taneous  chromophores,  such  as  melanin,  in 
pigmented  lesions,  but  no  clinical  trials  have 
started. 

Vascular  surgery  is  the  most  interesting  but, 
at  the  same  time,  the  most  technically  chal¬ 
lenging  application.  Basic  research  has  dem¬ 
onstrated  that  excimer  lasers  at  several  wave¬ 
lengths  can  cut  precise  craters  in  vascular 
atheroma  with  minimal  surrounding  damage. 
The  major  thrust  is  now  toward  the  develop¬ 
ment  of  a  suitable  fiberoptic  system  that  can 
deliver  308  nm  xenon  chloride  laser  energy 
percutaneously  to  an  obstructed  blood  vessel. 
It  is  very  difficult  to  transmit  any  short  laser 
pulse  down  a  fiber;  the  shorter  the  pulse,  the 


higher  the  peak  puise  power.  This  high  peak 
pulse  power  can  cause  disruption  of  the  fiber 
at  its  proximal  etui.  Hie  problem  is  com¬ 
pounded  with  the  excimer  laser  because  the 
shorter  and  more  useful  wavelengths  are  in¬ 
creasingly  absorbed  by  quart/.,  especially  in 
the  presence  of  impurities.  Lengthening  the 
wavelength  used  relaxes  the  fiber  require¬ 
ments,  and  it  is  now  possible  to  transmit  up  to 
40  mJ/pulse  down  fibers  using  xenon  chloride 
(308  nm),  which  has  been  shown  to  produce 
ablation  in  human  cadaver  arteries  (see  Chap¬ 
ter  42). JJ 

A  final  application  of  excimer  lasers  may  be 
in  orthopedics,  where  excimer  lasers  have 
been  shown  to  produce  clean  cuts  in  bone  and 
organic  polymers  such  as  polymethyl  meth¬ 
acrylate,  used  in  bone  cement. 

Although  excimer  laser  research  is  proceed¬ 
ing  quickly  with  an  informed,  multidisciplinary 
approach,  major  concerns  that  must  be  re¬ 
solved  before  human  work  begins  include  the 
possible  mutagenic  or  carcinogenic  conse¬ 
quences  of  high-intensity  ultraviolet  radiation. 
Further  investigations  to  address  this  impor¬ 
tant  question  are  in  progress. 

Free  Electron  Laser 

The  last  few  years  have  seen  dramatic  im¬ 
provements  in  the  power  and  efficiency  of  free 
electron  lasers.  The  fundamental  principles  of 
free  electron  lasers  are  now  well  understood, 
and  theoretical  predictions  can  accurately  de¬ 
scribe  the  performance  of  experimental  de¬ 
vices. 

In  many  ways,  free  electron  lasers  resemble 
microwave  devices,  such  as  traveling-wave 
tubes,  more  closely  than  they  do  conventional 
lasers.  The  gain  medium  consists  of  an  elec¬ 
tron  beam  moving  at  speeds  close  to  the  speed 
of  light  in  a  magnetic  field.  The  magnetic  field 
is  arranged  so  that  the  elections  passing 
through  it  are  deflected  alternately  left  and 
right.  Thus,  the  electrons  execute  a  “wiggle” 
motion  through  the  magnetic  field  (called  the 
“wiggler”).  Because  the  electrons  slow  down 
as  they  pass  through  the  magnetic  field,  they 
lose  a  certain  amount  of  energy,  which  they 
give  up  in  the  form  of  a  photon.  The  wave¬ 
lengths  of  the  light  obtained  will  depend  upon 
the  amount  of  electron  energy  dissipated  as  the 
beam  passes  through  the  magnetic  field  (E  = 
/iv/X). 

Because  of  the  unique  way  in  which  free 
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x. tillages  iclativc  to  conventional  lasers: 

I  They  can  he  limed  to  different  wave¬ 
lengths  hv  varying  the  electron  energy 
and  the  force  of  'he  magnetic  Held 

2.  They  produce  excellent  optical  heam 
quality,  close  to  the  diffraction  limit 

3.  Thov  can  be  operated  at  extremely  high 

pov."  _ ...tottal  lasers,  the 

power  is  limited  by  the  rate  at  which 
waste  heat  can  be  removed  by  means  of 
high-speed  flow  and  other  techniques. 
In  free  electron  lasers,  the  waste  heat 
resides  in  the  electron  beam  and  exits 
the  optical  region  at  nearly  the  speed  of 
light.  Some  of  this  energy  can  actually 
be  recovered  and  reused. 

In  the  future,  free  electron  laser  research 
will  focus  on  wavelengths  not  available  from 
conventional  lasers  and  variations  in  beam 
pulse  structure.  As  better  electron  beam  qual¬ 
ity  is  achieved,  it  may  be  possible  to  operate 
free  electron  lasers  at  wavelengths  as  short  as 
10  nm  in  the  near-x-ray  part  of  the  spectrum. 
As  laser  performance  improves,  increased  em¬ 
phasis  will  be  given  to  the  application  of  free 
electron  lasers  to  a  wide  variety  of  problems 
in  medicine  and  surgery. 


LIMITATIONS 

As  with  any  new  and  technologically  so¬ 
phisticated  medical  modality,  there  are  limi¬ 
tations.  The  limitations  of  the  laser  fall  into 
several  areas:  (1)  device  based,  (2)  physician 
based,  and  (3)  procedure  based. 

The  device  has  to  be  reliable.  It  has  to  be 
well  engineered  in  such  a  way  that  it  is  easy 
to  operate  and  dependable  with  respect  to 
laser  output.  For  example,  when  the  controls 
are  set  at  10  watts,  10  watts  has  to  come  out. 
If  the  beam  is  supposed  to  be  gaussian  in  en¬ 
ergy  profile,  the  user  has  to  be  sure  that  it  will 
always  be  that  way.  Unfortunately,  even 
though  the  Food  and  Drug  Administration  reg¬ 
ulates  devices  with  respect  to  safety,  design, 
and  reliability,  in  actuality  there  are  variations 
between  devices  from  the  same  manufacturer 
and  between  manufacturers.  In  addition,  de¬ 
pending  upon  the  maintenance  program  and 
utilization  profile  (the  number  of  different  phy¬ 
sicians  using  the  laser,  the  frequency  of  use, 
and  movement  of  the  laser  between  rooms), 
the  reliability  of  any  given  device  may  vary. 


As  a  resit!:  i\i:h  lu"pi:.il-  ,uul  otfice-h.isod 
laser  systems  have  to  he  regularly  maintained 
and  cheeked  by  a  knowledgeable  person  with 
respect  it)  iis  operational  slate.  Unfortunately, 
this  is  rarely  done  in  office  practice  and  is  in¬ 
adequately  handled  hv  the  biomedical  engi¬ 
neering  staff  lit' one  exists!  at  most  hospitals. 
On  the  positive  side,  insist  of  the  laser  com¬ 
panies  are  aware  of  the  problems  with  main¬ 
taining  and  operating  their  laser  devices,  and 
they  are  designing  second-  and  third-genera¬ 
tion  machines  that  arc  more  user  friendly  and 
reliable. 

The  physician-based  limitations  are  focused 
around  inadequate  training  and  experience. 
The  physician  has  to  develop  a  good  under¬ 
standing  of  the  biophysical  tissue  interaction 
principles  discussed  in  this  chapter.  This  can¬ 
not  be  accomplished  by  reading  about  them. 
Good  hands-on  training  exercises  on  tissue 
and  animal  model  systems  as  well  as  viewing 
of  didactic  videos  and  observation  of  laser-ex¬ 
perienced  physicians  are  essential.  Familiarity 
with  the  specific  laser  model  to  be  used  in  each 
procedure  is  also  essential.  Since  many  hos¬ 
pitals  now  have  several  different  models  of 
each  laser  type,  a  physician  should  become 
familiar  with  the  controls  and  individual  pe- 
cularitiesof  the  device  that  is  going  to  be  used. 
Finally,  the  physician  should  know  when  to 
use  the  laser  and  when  not  to.  This  knowledge 
comes  both  from  experience  in  actually  doing 
laser  cases  and  from  keeping  current  on  the 
literature. 

The  procedure-based  limitations  are  the 
most  important  considerations.  The  type  of  tis¬ 
sue  to  be  exposed  to  the  laser,  the  selection 
of  laser  parameters,  and  the  clinical  indica¬ 
tions  are  all  vital.  For  example,  one  would 
never  attempt  a  cervical  conization  with  a  non- 
contact  continuous  wave  YAG  laser.  The  tis¬ 
sue  penetration  is  too  great,  and  it  is  impos¬ 
sible  to  achieve  a  clean  incisional  cut. 
However,  very  good  results  could  be  obtained 
with  a  tightly  focused,  superpulsed  CO;  laser 
or  even  a  sapphire-tipped  YAG  laser.  Simi¬ 
larly,  one  would  never  attempt  retinal  photo¬ 
coagulation  with  a  CO;  laser  because  the  water 
absorption  in  the  cornea  and  vitreous  would 
result  in  traumatic  heating  that  would  damage 
these  structures.  Therefore,  the  characteris¬ 
tics  of  the  tissue" and  the  medical  indications 
are  the  determining  factors  in  using  (or  not 
using)  the  laser.  What  it  all  finally  comes  down 
to  is  appropriate  training,  knowledge,  and 
judgment  on  the  part  of  the  physician. 
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Delayed  Retinal  Effects  of  the  Frequency-Doubled 

YAG  Laser  (532  nm) 

Mcnone  A  Mosier  *  Jeon  Champion,  f  Lih-Huei  L  Liow.f  end  Michoe*  V  Qem$p 

In  order  lo  compare  the  retinal  effects  of  the  frequency -doubled  V/  laxtr  (532  nm(  with  those  of 
argon  laser,  rabbit  eyes  were  exposed  to  green  YAG  laser  irradiation  and  processed  for  light  and 
electron  microscopic  study  at  24  hr.  2  weeks  and  4  weeks.  Detailed  analysis  was  conducted  on  tissue 
exposed  to  7-3  and  7.6  millijoulcs  (mj).  Response  of  the  photoreceptors  and  retinal  pigmented  epithe¬ 
lium  to  green  YAG  was  very  similar  to  that  described  for  argon  laser  over  the  same  time  pei  lod.  By  2 
weeks  post-exposure,  there  was  histologic  evidence  of  partial  recovery  with  absence  of  damaged, 
pycnotic  photoreceptor  nuclei,  increased  numbers  of  typical  photoreceptor  outer  segment  lamellae  and 
repair  of  retinal  pigmented  epithelium.  Four  weeks  after  irradiation,  ourmal-appearing  photoreceptor 
nuclei  were  present  although  inner  photoreceptor  segments  stii!  showed  mitochondrial  damage.  Outer 
segments  at  4  weeks  showed  regular  lamellar  structures.  We  conclude  that  the  frequency -doubled 
YAG  laser  is  equivalent  to  the  argon  laser  with  respect  to  the  production  of  thermal  lesions  in  the 
retina.  Its  additional  advantages  include  increased  efficiency,  portability,  reliability  and  tack  of  ab¬ 
sorption  by  macular  xanthophvll  pigment.  Invest  Ophthalmol  Vis  Sci  2#:  1 2'M- 1 305.  I*)#" 


Although  the  argon  laser  <488  and  514  nm)  has 
been  widely  used  tor  the  treatment  of  retinal  disease, 
'i  has  certain  disadvantages.  These  include  its  ineffi¬ 
ciency  and  resultant  power  loss,  its  considerable 
maintenance  requirement,  non-portability  and  the 
absorption  of  energy  by  macular  xanthophvll  pig¬ 
ment.  These  drawbacks,  except  for  xanthophvll  ab¬ 
sorption.  also  apply  to  krypton  green  laser.  An  ideal 
replacement  for  these  lasers  would  be  an  efficient, 
low-maintenance,  portable  laser  using  a  wavelength 
absorbed  only  by  pigment  in  the  retinal  epithelium 
and  by  hemoglobin.  These  features  are  present  in  the 
green  YAG  laser. 

The  frequency-doubled  (532  nm)  green  YAG  laser 
was  first  suggested  as  a  possible  r  •'•’cement  for  the 
argon  laser  in  1971  by  L’Esperanct.  -ho  showed  that 
the  morphologic  effects  of  the  two  lasers  were  simi¬ 
lar.1  In  that  studv.  an  experimental  prototype  contin¬ 
uous  wave  laser  was  used  to  treat  seven  human  eyes, 
later  examined  histologically  Puiialiio  reported  pre¬ 
liminary  experiments  on  rabbit  and  monkey  eyes 
using  the  pulsed  "green"  YAG  laser  of  Laserscope. 
inc.:  Simultaneously,  we  reported  the  short-term  ef- 
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fects  on  rabbit  eyes. '  In  both  our  studies  and  those  of 
Puiiahto.  the  gross  morphology  -nd  light  microscopic 
histology  showed  that  the  YAG  and  argon  wave¬ 
lengths  produced  similar  lesions  when  a  high  repeti¬ 
tion  pulse  rate  and  low  peak  powers  were  used 

Our  earlv  experiments  used  a  Quantronix  research 
laser  (Quantrom.x  Corp  Smithtown.  M  i  operating 
at  8-12  kll/  wit1’  peak  powers  of  25-50  W  1  Rabbit 
eyes  were  fixed  for  histologic  analysis  within  2  hr  of 
laser  exposure.  Only  subtle  and  probably  insignifi¬ 
cant  differences  were  noted  between  the  lesions  pro¬ 
duced  by  argon  and  green  Y  \(  i  lasers 

Support  for  the  possibility  of  true  equivalency  of 
green  Y  AG  and  argon  laser  effects  requires  studies  of 
the  late  histopathologic  response  of  irradiated  tissue. 
The  present  study  examines  retinal  lesions  up  to  I 
month  following  exposure  to  green  YAG  iaser  and 
compares  the  changes  to  those  seen  following  argon 
laser  irradiation. 

Materials  and  Methods 

Animals 

A  total  of  63  sues  were  irradiated  in  both  eyes  of 
five  Dutch  Cross  rabh.ts.  The  animals  were  main¬ 
tained  pre-  and  postoperatively  under  standard  con¬ 
ditions  in  the  Animal  Resource  Facility,  University 
of  California.  Irvine,  and  were  anesthetized  ana  sacri¬ 
ficed  as  described  previously'  and  in  acccd  with  the 
ARVO  Resolution  on  the  Use  of  Animals  in  Re¬ 
search.  Enucleation  was  "■♦•■formed  ai  24  hr.  2  weeks 
and  4  weeks  postoperative!'. 
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t-nt.  i  i  ow  power  light  microwopv  of 
rabfxi  nttitu  24  hr  alter  exposure  10  532 
nm  (jreeni  YAG  laser!*  61  mj).  The  rone 
of  thermal  damage  is  sharps  demarcated 
through  all  retinal  lasers  (arrows)  (*a50t. 


Laser  Exposure 

The  source  ot‘  irradiation  was  the  532  nm  beam 
from  the  Humphrev  Instruments  frequency-doubled 
YAG  laser  (Humphrey  Instruments.  San  Leandro. 
CA).  Measurements  taken  on  the  day  preceding  ex¬ 
posure  indicated  that  the  laser  was  operating  at  12.8 
kHz.  with  individual  pulse  durations  of  400  nanosec¬ 
onds.  A  25  mm  focal  length  lens  was  used  to  image 
the  beam  on  the  retina  to  a  spot  diameter  of  200  iim. 
The  total  energy  in  each  spot  for  this  study  ranged 
from  1.2"  to  7  61  mtllijoules  (mjk  Detailed  histology 
was  conducted  on  exposures  of  7.3  and  7.t>  mj. 

Histopathology 

The  eyes  were  enucleated,  fixed  and  sectioned  for 
both  light  and  electron  microscopic  analysis  as  de¬ 
scribed  previously.4  Tissues  containing  35  of  the  63 
lesions  were  embedded  in  plastic  and  prepared  for 
sectioning  and  microscopic  examination  initial  his¬ 
topathologic  analysis  was  performed  on  lesions  pro¬ 
duced  with  energies  of  7,3  and  7.6  mj.  This  was  cho¬ 
sen  because  previous  experiments  indicated  that 
7-12  mj  produced  clinically  visible,  equivalent  le¬ 
sions  with  both  argon  and  the  green  YAG  lasers.4  The 
resulting  lesions  at  24  hr.  2  weeks  and  4  weeks  ap¬ 
peared  similar  to  standard  argon  lesions  by  slit  lamp 
examination.  At  least  two  lesions  at  each  time  point 
were  examined  by  light  mtcroscopv.  and  one  of  each 
was  further  examined  by  electron  microscopy. 


Results 

Threshold  Lesion 

Initial  experiments  were  designed  to  determine  the 
energy  required  to  produce  a  visible  blanching  of  the 
retina  50%  of  the  time.  ie.  the  threshold  energy.  This 
was  determined  to  be  1 .37  mj  in  a  200  urn-diameter 
spot. 

Histopathology 

Photographs  of  histopathological  results  are 
grouped  into  three  sets:  the  24-hr  lesion  is  shown  in 
Figures  1-3,  the  2-week  lesion  in  Figures  4-7  and  the 
4-week  lesion  in  Figures  8-12. 

24-hr  Lesion 

At  24  hr.  the  low  power  light  micrograph  (Fig.  1) 
demonstrates  typical  thermal  photocoagulation  his- 
topathology.  A  zone  of  damage  is  clearly  demarcated, 
extending  from  just  below  the  inner  neural  laser  and 
extending  through  photoreceptors  and  retinal  pig¬ 
mented  epithelium  (RPE).  The  dark-staining  pycno- 
tic  photoreceptor  nuclei  are  prominent,  sharply  sepa¬ 
rated  from  undamaged  nuclei  (Fig.  1.  arrows).  Inner 
and  outer  photoreceptor  segments  appear  damaged 
and  displaced  by  serous  exudate.  Severe  intra-ceilular 
disorganization  of  photoreceptor  inner  segments  is 
shown  by  high  magnification  electron  micrographs 
(Fig.  2).  Outer  photoreceptor  segments  arc  highly  dis- 


organized  as  well  and  do  not  exhibit  any  of  the  or¬ 
derly  lamellar  membrane  stacks  (Fig.  3).  The  RPE  is 
highly  disrupted  with  melanin  granules  interspersed 
with  necrotic  and  vacuolar  debris  (Fig.  3).  Loss  of 


RPE  integrity,  separation  from  Bruch's  membrane 
and  loss  of  lamellar  organization  of  photoreceptor 
outer  segments  are  seen  under  high  magnification 
electron  microscopy  (Fig.  3). 


F«.J.  High  magnification  electron  micrograph  ■  >•'  raft'll  p-e- 
mertfd  epithelium  fa  hr  alter  exposure  to  '  if  nm  >  Vi ,  User 
It. 61  mj).  showing  cellular  disruption  .’rt.l  separji.  -n  >m 
Bruchs  membrane ( arrow  nehtl  i  •  to 
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Kir.  4.  Low  power  Sight  microscopic  ap¬ 
pearance  of  rabbit  retina  2  weeks  after  ex¬ 
posure  to  532  nm  Y-\G  laser  <7  3  mjl. 
Zone  of  thermal  damage  is  clearly  demar¬ 
cated  (  •  450). 


Two-Week  Lesion 

At  I  weeks,  low  power  light  microscopy  shows  con¬ 
siderable  change.  The  zone  of  damage  is  still  clearly 
demarcated  (Fig.  4.  arrow).  Pycnotic  photoreceptor 
nuclei  are  strikingly  absent  from  this  area  and  have 
been  replaced  by  cellular  debris  and  vacuolation  (Fig. 

5) .  The  RPE  appears  somewhat  less  damaged  than 
previously  and  is  apposed  to  Bruch’s  membrane  ( Fig. 

6) .  Photoreceptor  outer  segments  are  greatly 


disrupted  in  some  areas  (Fig.  6.  arrow),  but  approach 
normal  structure  in  others  (Fig.  7).  In  the  mitochon- 
dria-rich  apex  of  inner  segments,  mitochondrial  dam¬ 
age  is  evidenced  by  loss  of  many  cristae,  although 
outer  membranes  generally  appear  intact. 

Four- Week  Lesion 

Considerable  recovery'  in  the  lesion  area  has  oc¬ 
curred  at  4  weeks.  The  low  power  light  micrograph 


Fie.  5.  Electron  micrograph  of  rabbit 
photoreceptor  nuclear  rone  2  weeks  after 
exposure  to  533  nm  YaG  laser  (T  3  mj). 
snowing  replacement  of  pvknotic  nuclei 
with  cellular  debris  and  vacuolation 
(  ■  1D.S00). 


Kif.  Electron  micrograph  of  rabbit  rctinj  Z  .seeks  after 
exposure  to  53-  nm  >  A(j  laser  i  **  3  mji  I  he  putmemed  epithe¬ 
lium  ts  apposed  to  Bruch  s  membrane  and  sn«ms  moderate 
damage  Photoreceptor  outer  segments  shim  f.\ji  disruption 
lanwiC'  5<  n 


demonstrates  a  buckling  in  the  center  of  the  lesion 
(Fig.  8,  arrow),  producing  a  separation  of  photore¬ 
ceptor  outer  segments  and  RPE.  Normal-appearing 


photoreceptor  nuclei  are  adjacent  to  the  damaged 
zone.  The  RPE  appears  normal  and  uniformly  ap¬ 
posed  to  Bruch’s  membrane.  Normal  photoreceptor 


Kill-  Electron  mivr**e'.»ph  '? 
photoreceptor  outer  sea  men  ts  Z  .seeks 
alter  exposure  to  5  .>2  nm  >  \<j  Ijser  ' "  * 
mj).  showing  significant  recos  -r.  ,-r  n-.r- 
mal  lamellar  structure  •  ■ '.  v » ■  - 


H.  I  .ow  power  light  micrograph  of 
rabbit  retina  4  weeks  after  exposure  to  532 
nm  V  \G  laser  I ?  3  mjl.  showing  buckling 
of  center  of  lesion  i  arrow  i.  with  separation 
of  photoreceptor  outer  segments  from  flat 
pigmented  epithelium  O  4<tM 


outer  segments  are  evident  (Figs.  9-1 1).  Photorecep¬ 
tor  nuclei  appear  normal  by  electron  microscopy 
(Figs.  10  and  12).  Mitochondria  in  photoreceptor 
inner  segments  show  some  disruption,  suggesting  that 
repair  is  not  complete  (Figs.  10  and  1 1). 

Discussion 

The  severe  tissue  damage  observed  in  the  24-hr 
samples  underwent  significant  modulation  by  2 


weeks.  At  this  point,  the  lesions  showed  absence  of 
damaged  cells  from  the  zone  of  irradiation,  along 
with  repair  and  regeneration,  or  the  inward  move¬ 
ment  of  undamaged  cells  from  the  periphery  of  the 
lesion  zone.  A  striking  similarity  is  noted  be '.ween 
this  appearance  and  that  reported  for  argon  laser  le¬ 
sions.  In  1973.  Tso  et  al  described  i-4-week  argon 
lesions  as  follows:  "One  to  four  weeks  after  exposure, 
most  of  the  pvcnotic  nuclei  in  the  center  of  the  lesions 


Fig.  9.  Electron  micrograph  of  rabbit 
photoreceptor  outer  segments  4  weeks 
after  exposure  to  532  nm  Y  \G  laser  <T3 
mj).  showing  normal  lamellar  structure 
«  «  440th 
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lift.  10.  Electron  micrograph  of  rabhu 
photoreceptors  4  weeks  after  evpinure  to 
531  nm  YVCi  laser!'  3  mji.  showing  nor- 
mal-appeanng  nuclei  and  outer  segments, 
hut  mitochondrial  disruption  I  •  aanoi 


were  removed  .  .  and:  "Eight  weeks  after  injury, 
repair  and  regeneration  were  most  apparent".5 

The  present  set  of  experiments  shows  that  the  his- 
topaihological  response  of  the  retina  to  green  YAG 
laser  is  very  similar  to  that  described  for  the  argon 
laser,  both  initially  and  over  a  4-week  period  post-ex¬ 
posure.  During  that  time,  lesion  development  and 


repair  in  both  types  of  laser  injury  occur  in  a  similar 
manner.  The  disappearance  of  damaged  photorecep¬ 
tor  nuclei  and  the  return  of  relatively  normal  photo¬ 
receptors  (as  evidenced  by  normal  nuclei  and  lamel¬ 
lar-patterned  outer  segments)  bears  a  sinking  resem¬ 
blance  to  the  same  events  desenbed  for  the  argon 
laser  in  1 97 3  by  Tso  et  al.5  We  conclude,  therefore. 
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Fig.  12.  Electron  micrograph  of  rabbit 
photoreceptor  nuclei  4  weeks  alter  expo¬ 
sure  to  532  nm  YAG  lasertTJ  mji.  show¬ 
ing  no  effects  of  irradiation  (  •  44001 


that  the  frequencs -doubled  YAG  laser  is  equivalent 
to  the  argon  laser  with  respect  to  the  production  of 
thermal  lesions  in  the  retina. 

K«>  words:  laser,  retina,  hisiopathoiogv.  Y  AG.  green  Y  \G 
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Abstract — The  effects  ol  photodvnamic  therapy  iPDT  i  on  the  tamor  micros  asculature  in  the  ttrst  tew 
hours  after  treatment  was  studied  at  the  light  microscope  (LSI  I  and  electron  microscope  I  EM  I  lesels 
m  DBA/’Ha  mice  hearing  SMT  P  tumors  Animals  received  intraperttoncal  in|cctmns  of  111  me  kg 
ol  Photofnn  It  and  24  h  later  tumors  were  treated  seith  11*1  J  cm  of  light  than  nmi  Animals  were 
sacrificed  and  their  tumors  removed  at  time  >>  a!  m,n  i.  2.  4.  S  lh  and  24  h  alter  treatment  The 
results  irdK'jte  that  the  effects  ot  POT  are  initially  direct  destruction  of  the  microlihrils  in  the 
suNtndothclial  rone  ol  the  tumor  capillaries  with  subsequent  tumor  cell  death  secondare  to  hemorrhage 


and  vascular  collapse 

tsTittmi  ctiiis 

Photisslsnamic  therapy  iPDTl  usi"g  homatopurpnv- 
rtn  .iti»e  HlpDi  is  a  ties*  approach  to  career 
treatment  Ever  since  Doughertv  first  suggested  the 
use  of  HpD  a  light-sensitizing  tumor  localizing  por- 
phsrtn  plus  light  to  bring  jhout  selective  tumor 
necrosis  the  medical  applications  of  this  new  thera¬ 
peutic  misdaltts  have  been  pursued  stgorousls 
t  Dougherty  el  .;/  .  !o"'i 

HpD.  a  derivative  ot  hemal-  '  ■  -Thvrtn  I  Hpi  pre¬ 
pared  b\  the  method  of  Lipsor  •!  Jt  .  ll'4bl)  is 
composed  ot  a  mixture  ot  porptisons  The  com¬ 
ponents  ol  the  intected  preparat  on  •. -sensible  tor 
the  light  induced  cytotoxicity  have  not  been  chem- 
icalls  identtried  although  a  tew  reports  have  sug¬ 
gested  that  a  hydrophobic  component  produces  the 
greatest  photosensitizing  activity  (Kessel.  Id, bit 
Damage  to  the  cell  memnrjne  t Grosswetner.  I'lSJ). 
Is souimes  tTonnuki  er  al  .  ldSill.  nuclear  material 
t  Foote  1Tb)  and  mitchondna  t  Berns  el  a/  .  I'Jbii) 
hv  HpD-PDT  have  been  reported  in  the  literature. 
The  molecular  mechanism  leading  to  phofotovicttv . 
•hough  not  conclusively  established  ts  ;  ,  elv  the 
prixJuction  of  singiet  oxygen  t 1 0 _- )  as  an  acti  e  inter¬ 
mediate  iWeishaupt  et  ai  .  Id7rs|  This  highiv  reac¬ 
tive  molecule  is  subsequentlv  capable  of  lulling 
tumor  cells  through  multiple  interactions  leading  to 
-'\idation  of  cellular  components 

Dcspile  all  the  work  done  in  well  defined  cell 
culture  systems.  the  relative  contribution  of  the 
extracellular  and  intracellular  HpD  to  the  photo- 
destruction  ot  tumor  tissue  is  still  unknown  It  is 
questionable  how  relevant  in  vttm  studies  are  since 
the  in  i  no  phssiologtcal  milieu  of  the  tumor  cell 
such  as  Plood  supplv .  pH  os v  gen  tension,  temper. i- 
ure  and  -erum  content  ot  the  medium  immediately 
surrounding  the  cell  ohsiouslv  will  tse  important 
kk  Inie  HpD  photoscn*’ti.Mtioti  has  been  exploited 

*  T. ’  k»h«w  .1’rrcbpnnxici.v.w  ■;..iU!s]  „us.ts  "x.. 


clinically  tor  the  treatment  ol  solid  tumors,  there 
ate  still  manv  determinants  of  this  pr-Kedure  which 
are  incompletely  understisod 

One  of  the  major  unanswered  questions  associ¬ 
ated  with  HpD-PDT  is  how  these  molecules  are 
transported  trom  the  blood  stream  to  the  tumor 
tissue  Presumable  HpD  would  have  to  interact  with 
the  vascular  endothelium  of  the  tumor  tissue  before 
passing  into  the  surrounding  perivascular  tumor 
stroma  The  effectiveness  of  tumor  destruction  is 
dependent  upon  an  understanding  of  the  parameters 
involved  in  this  process  In  order  to  fuily  appreciate 
the  potential  of  HpD-PDT  it  is  net  essary  to  charac¬ 
terize  the  role  ot  the  vasculature  in  bringing  about 
the  tumoricidal  effect  This  effect  may  he  direct, 
such  as  destruction  of  the  vasculature  that  nourishes 
the  tumor 

Because  of  the  complex  nature  of  the  role  of  the 
tumor  sjsculature  in  HpD-PDT.  we  base  under¬ 
taken  a  series  of  experiments  aimed  at  elucidating 
the  effects  of  HpD-PDT  on  tumor  microvasculature 
during  the  nrst  tew  hours  after  phototherapy  We 
have  employed  a  well  detined  murine  tumor  system 
and  carefully  examined  the  effects  ot  HpD-PDT  on 
the  tumor  vasculature  jt  both  the  light  microscope 
and  electron  microscope  leveK 

XIXOKIM.S  XXD  MF.THOnS 

Annual  wui  lumiir  u».vnt  The  tallowing  tumor  -vstem 
was  used  a  skIT  F  t  spontaneous  mjmmarv  rumor  I  arising 
in  the  hank  *1  .i  DBA  211 1  mouse  iPavelic  rr  .if  .  pi*N) 
All  mice  were  *v-s  weeks  .1,1  and  weighed  between  -d  and 
*5  g  ai  the  nine  --I  treatment  When  'he  tumors  jttjincu 
a  si/e  oi  1-2  cm  diameter  thev  were  excised  and  mince-J 
*tih  -me  scissors  in  pmisphate  buffered  saline  iPBSi  The 
resulting  suspensaon  ol  rumor  cells  was  tillered  through 
sterile  tau/e  washed  twice  in  PBS  and  re'U'pended  in 
RPMI  media  1. 1 Kl1 1  I'Tr.md  Island.  Sik  i  at  a  concen- 
•i.ilion  ot  s  ■  jir  viahle  veils  mi  Cell  vialsiuls  was 
assessed  bs  'he  aoiliis  »o  resist  veil  Ivvts  and  exclude 
Irspan  Blue  dse  iliIBCOI  Tumor,  were  initiated  bs 
i  meet  me  d  !  mi  oi  're'h  lumor  inoculum  into  the  right 
t!...is  .a  ’h.  n  hi—  The  mouse  tumors  acre  gcneruils 


1  Sit  mi  Si  i mi-s  ■'/  j! 


(s.ihvtnli-  .it  '  il.tvs  .mil  reached  .1  si/c  <il  5-~  mm  .it  III  !4 
1l.1i'  .ii  which  lime  iro.nmi.-m  was  siaricd  At  this  m/o.  the 
-mall  lumor  is a-  h.'nii'vvnc.Hi-ls  who.-  — ».«e 

-i  -  ....mi  ■iiimm.il  .ir  ah-ent 

Ihmuinpurphvrm  derivative  Phomlfin  II  obtained  Irom 
phi  home  Jiea  tne  .  R.int.m.  NJ.  nj'  'll iroil  in  the  dark  .11 
4  <_'  until  mod  K»r  treatment.  the  I’hoiolnn  II  was diluted 
I  d  mth  iid-„  N.iO  solution  and  in  tooted  inirapert- 
tniie  ailv 

P-m dt.re  When  tumors  mere  of  the  appropriate  si/e 
ia'  indieated  ahoscl.  the  animals  a  ere  shaved  in  the  tumor 
area  and  -non  intrapentonejl  mieetions  ol  Photolrin  II 
in  doses  ee)ual  to  id  me  kg  1  hods  weight  The  remainder 
ol  the  experiment  was  done  in  the  dark,  ineluding  housing 
of  the  animals.  Control  tumor-hearing  animals  were  those 
that  received  light  without  Photofrin  II.  Twenty-four  hours 
post  injection,  the  experimental  animals  were  treated  with 
the  laser  light  delivery  system  (sec  belowl  Previously 
published  work  by  Dougherty  (1975)  has  suggested  that 
at  ;a  h.  SMT-F  tumors  have  their  maximal  uptake  and 
retention  of  HpD  The  mouse  was  anesthetized  with  Keta¬ 
mine  HCI  ( Parke-Davisi  and  covered  with  a  metal  shield 
with  a  circular  hole  exposing  the  tumor  Animals  were 
sacrificed  wuh  Kalothane  (Halocarhon  Laboratories.  Inc  . 
Hackensack.  NJl  anesthesia  at  time !'.  .’0  min.  1. 2.  4.  .8.  Ih 
and  2d  h  after  photodynamic  therapy  Tissue  was  excised 
immediately  and  fixed  in  4%  glutaraldehyde  (in  sodium 
phosphate  butler  Jt  pH  7.4)  for  2  h.  The  tissue  was  next 
rin-ed  with  PBS  and  postrixed  in  1%  osmium  (OsO.)  for 
!  h  at  room  temperature  ( 1H— 20'  C).  Tissue  was  then 
rinsed  with  DDH-O  and  stained  en  blue  for  2  h  in  Kellen- 
berger  s  uranylacetate.  Dehydration  was  done  with  pro¬ 
gressive  ethanol-water  in  steps  of  10  min  each  (30.  50.  70, 
90.  (nil.  |(X)%)  and  progressive  ethanol-propvleneoxide 
in  steps  of  HI  mm  each  (30.  50.  70.  90.  loi).  100". . I 
Infiltration  was  started  with  props lencoxide-epon  812  sub¬ 
stitute  1  Polyscience  Polybed  812)  in  steps  of  30  min  each 
1 30. 50%  1.  overnight  (70%)  and  hi)  mm  ( 100%).  The  mold 
was  embedded  and  placed  at  37"  C  overnight  and  then  at 
Nf  C  in  a  vacuum  o'en  for  48  h  The  blocks  were  trimmed 
and  sectioned  (500  nm)  for  light  microscopy  using  Rich¬ 
ardson's  stain  and  subsequently  thin-seciioncd  (60  nm)  for 
electron  microscopy.  A  Phillips  EM  300  (Amsterdam! 
electron  microscope  was  used  to  examine  the  thin  sections 
at  mi  kV. 

Laser  fig/tr  delivery  system  Laser  irradiations  were  per¬ 
formed  with  a  Coherent  (Palo  Alto.  CA)  Innova  20  Argon 
ion  laser  stimulating  a  Coherent  PRT-95  dye  laser  The 
d\c  laser  was  tuned  to  emit  radiation  at  630  nm  The 
waseiength  was  veritied  using  a  Jobm  Yvon  »5 -354  UV 
monochromator  lLong]uneau.  France)  The  radiation  was 
focused  into  a  4tXI  um  fused  silica  liber  optic  using  a 
Spectra- Physics  (Mountain  View.  CA)  Model  316  liber 
optic  coupler  The  output  end  of  the  fiber  was  terminated 
with  a  microlens  that  focused  the  laser  radiation  into  .1 
circular  field  of  uniform  light  intensity  Laser  irradiation 
emanatine  from  the  fiber  was  monitored  with  a  Coherent 
Model  21b  power  meter  before  and  after  treatment 

Mice  '.ere  placed  underneath  an  aperture  thjt  con¬ 
trolled  the  area  ot  light  illumination  on  the  tumor  site 
Hie  area  of  illumination  was  1  cm;.  Total  laser  energi 
den'itv  was  It H I J  cm  ;  with  a  power  density  of  I5U  mXX 
cm  ■  A  total  of  -44)  light  treated  tumors  were  examined 
at  dittcrcnt  time-points  pos'-irrudiation  (5  animals  each  ai 
time  d.  3ri  nnn.  I.  2.  4.  X.  in  and  24  hi 

KF.StLTS 

Lre'nt  microscopy 

Control  slides  show  the  usual  tumor  architecture 
with  multiple  mitotic  figures  and  eastlv  discernible 


vessel'  At  '<1  min  and  !  Ii  post  I’D  I  ’be— 
no  si  I’m  1-  m;  ,0.11  etianges  noted  Iron)  control 

(Fig  la)  At  2  Ii  post  PDF.  the  lirst  -trticttir.il 
change  noted  is  the  increasctl  diameter  ot  the  capil¬ 
lary  lumen  as  compared  to  controls  iFtg  Ibi  Dti' 
conclusion  is  based  upon  the  histop.itltological 
examination  of  a  large  number  ol  sections  and 
tumors  and  is  not  attributable  to  the  wav  a  particular 
section  was  cut  At  4  h.  the  capillaries  are  Itirthet 
engorged  with  distinct  dark  stamina  walls  In  some- 
areas  the  capillary  wall  is  completely  disrupted  with 
red  blood  cells  visible  outside  the  lumen  (Fig  Icl 
By  8  h  (results  not  shown)  there  is  frank  extra¬ 
vasation  of  red  blood  cells  into  the  surrounding 
perivascular  stroma.  As  time  continues,  the  entire 
tumor  becomes  hemorrhagic. 

Electron  mici  oscopy 

Control  ultrathm  EM  sections  show  the  normal 
tumor  mtcrovasculature  with  the  individual  mtero- 
tihrils  (diameter  II  nm)  in  the  suhendotheh.il  zone 
in  the  walls  of  the  capillaries  (Fig.  2a.  inset)  The 
fine  structure  of  the  capillary  endothelium  jppears 
normal.  The  prohferatng  tumor  cells  appear  normal 
with  numerous  free  and  membrane-bound  ribo¬ 
somes  contained  in  their  cytoplasm  (Fig.  2a).  At 
2  h  post  PDT.  the  microtibrils  in  the  subendothelial 
zone  of  the  capillary  wall  (Fig  2b.  inset)  now 
appear  much  larger  and  with  more  spacing  m 
between,  when  compared  to  control'  1  Fig  2a. 
inset).  These  microtibrils  now  have  a  diameter  aver¬ 
aging  15  nm.  There  also  appears  to  be  .1  halo' 
surrounding  these  microribni  subunits  in  the  2  h 
PDT  tumors.  The  endothelial  cells  lining  the  capil¬ 
lary  wall  appear  elongated  and  flat  but  are  otherwise 
structurally  normal  as  arc  the  tumor  cells  in  ;he 
surroundtng  perivascular  stroma.  By  4  h.  the  sub- 
endothehal  zone  of  the  capillary  wail  is  tilled  with 
dense  clumps  of  microtibrils  (Fig.  2c. d)  and  in  some 
areas  completely  disrupted  with  red  blood  cells  vis¬ 
ible  outside  the  lumen  (Figs.  2d  and  5a).  There  are 
numerous  large  vacuoles  in  the  cytoplasm  til  the 
endothelial  cells  indicative  of  impending  cell  death 
(Fig.  3a).  Those  tumor  ceils  immediately  adiecent 
to  the  capillaries  ate  now  showing  the  signs  ot  cell 
death  described  above  (Fig.  3b).  Cells  in  the  center 
of  the  tumor  appear  to  he  structurally  intact  1  Fig  4) 
except  lor  some  washout  of  the  mttochondri.ii 
cristac.  However,  this  was  evident  111  conttois 
iFtg  4a)  as  well  as  expenmentals  (Fig  4bi  A- time 
continues,  the  amount  of  hemorrhage  increase'  with 
the  entire  tumor  ultimately  becoming  a  sea  ot  red 
blood  cells  and  amorphous  granular  debris 

DISCI  SS|4>\ 

Evidence  that  mahunant  tumors  can  be  selectively 
destroyed  hv  photothcrapv  with  hem.itooorphv  mi 
derivative  has  been  well  documented  (Forne-  or  .1/ 
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Figure  I  Photomicrographs  at  (he  light  microscope 
level  ot  SMT-F  tumor  treated  with  FipD  and  lim  J 
cm  :  of  light  and  removed  (a)  control,  ibi  Z  h 
post  POT  and  (c)  4  h  post  PDT  Note  the  normal 
capillaries  jt  the  tips  of  the  arrows  m  control  (a> 
The  ca(*ibry  at  the  tips  *>t  the  arrows  are  dilated 
as  compared  to  control*  at  Z  h  post  PDT  (hj  M 
4  h  post  POT.  the  capillaries  are  further  engorged 
with  distinct  dense  dam  staining  walls  and  in  some 
areas  the  capillary  wail  is  completely  disrupted  with 
red  blood  cells  stsiblc  outside  the  lumen  at  the  tip" 
ot  the  arTtiws  to.  Note  the  normal  appearance  oi 
those  turn**  cells  not  immediately  adtaccnt  to  'he 
disrupted  vessel*  (el  *  •"*<* 


lgKH.  Dougherty  ft  at..  19SI.  Wile  ft  ai  .  lg>0; 
Dahlman  «*r  ul  .  Several  researchers  hase 

suggested  that  damage  to  the  tumor  micro  vascula¬ 
ture  brings  about  tumor  necrosis  Castellani  il9b5) 
studied  trog  tongue  and  rat  mesentery  sensitized 
with  hemjtoporphvrin  jnd  reported  temporary 
stopping  ot  bjood  flow  .igeree.ition  ot  red  blood 
cells  s asodilatation  and  *tasis  ()\y gen  radicals  have 
been  *nown  to  cause  v.i'suiar  damage.  and  sinetet 


oxygen  ma\  he 'similarly  *osic  to  the  tumor  y.tscut.i* 
ture  (Kontos  «*.*  ti  BugcKki  il1'*!)  studied 

the  distribution  of  isotoncally  labelled  MpD  usme 
autoradiographs  and  tounJ  that  tritiatcd  HpD  was 
distributed  at  a  ratio  5  I  m  the  surrounding  peri¬ 
vascular  stroma  as  compared  to  tumor  cell*  Starr 
( JUKM  usinc  tumors  crow •  m 'sandwich  oh*erv  ation 
chamncrs  showed  that  *  mm  alter  treatment 
bio* «d  ceils  within  *hc  u  vu an  t.»  di*.t;M'c.ir 


Figure  2.  Photomicrographs  at  the  electron  microscope  level  «»i  SMT-F  tumor  treated  with  ilpD  ami 
HN)  J  cm  :  o(  iight  and  removed  (a)  control.  <b)  2  h  post  POT  and  tc.d)  i  h  post  PDF  Note  the 
individual  mtcrotihrils  easily  seen  in  the  suhcndoihcliat  zone  ;*l  the  capillary  wall  m  control  uitra  thin 
sections  (a).  At  2  h  post  PDF  the  microtihnU  appear  much  larger  and  with  more  spacing  in  between 
(hi  when  compared  to  controls  (a).  At  4  h  pt>sf  POT.  the  stihcndothcliul  /one  ol  the  capillars  wall  is 
tilled  with  dense  clumps  of  micrnlibriis  (c.dl  and  tn  Mime  areas  completely  disrupted  uii  ta.hi 
x  15  4INI:  (cl  x  JO  MNI:  (d)  *  7  hhd.  Inserts  (j.bl  are  Inch  power  magnilicai;on>  ol  the  imcroiihrils 
in  the  subcruJothehal  zone  ol  the  capillars  walls  *  40  t too 


Tumor  destruction  m  PDT 


Figure  3  Photomicrographs  at  the  electron  microscope  level  of  SMT-F  tumor  treated  with  HpD  and 
!txt  J  cm  -  ot  light  and  removed  4  h  after  treatment  (a.b|  Note  numerous  large  vacuoles  tn  the 
cytoplasm  ol  the  endothelial  cell  outlined  hv  the  arrows  with  blood  outside  the  capillars  » all  1 ,1  • .  Note 
hemorrhage  into  the  surrounding  perivascular  stroma  with  varying  degrees  ol  tumor  cell  Jeuth 
depending  on  their  proximity  to  me  capillanes  iht  <  ~4im 


Within  3  h.  a  purplish  discoloration  appcNired  over 
the  target  area  reminiscent  of  a  hematoma  with 
subsequent  necrosis  ot  tumor  tissue  Bicher  (tVXI) 
using  owgcn  electrode  measurements,  found  exper¬ 
imental  mouse  tumors  anoxic  within  I  h  after  treat¬ 
ment.  presumably  due  to  vascular  collapse.  Selman 
i  |us4|  using  a  bladder  tumor  model  in  a  rat.  found 
that  PDT  led  to  a  rapid  and  sustained  decrease  in 
blood  tl.os  to  'he  "inmr  Henderson  (1“KS)  using 
tumor  veii  elonogeineitv  following  I’D  I  to  assess  m 


vitro  colony  formation,  found  that  it  was  unatfected 
by  PDT  if  the  tumor  tissue  was  excised  and  ex- 
planted  immediatelv.  If.  however,  tumor  cells  were 
left  :n  situ  following  PDT  tor  varying  lengths  of 
time(l-I4  hi.  tumor  ceil  death  occurred  raptdlv  and 
progressively  implying  that  one  of  the  major  favors 
contributing  to  tumor  destruction  mav  be  djmjge 
to  the  tumor  circulation  ,md  the  consequences  ot 
treatment-induced  changes  in  tumor  nhvsiologv  All 
these  experiments  add  weight  to  the  suggestion  that 


tumor  blood  vessels  may  represent  a  highly  vulner¬ 
able  target  for  anti-tumor  therapy.  However,  none 
were  done  at  the  level  of  the  electron  microscope 
and  therefore  the  in  vivo  mechanisms  responsible 
for  vascular  changes  post  PDT  have  remained 
incompletely  understood. 

Our  investigation  was  conducted  to  determine 
the  mechanisms  and  changes  involved  in  the  tumor 
vasculature  responsible  for  the  in  vivo  destruction 
of  tumor  tissue  by  PDT.  Clearly  many  factors  must 
be  involved  to  produce  the  necrosis  of  a  large  tumor 
mass  but  our  study  demonstrates  that  the  first 
observable  signs  of  destruction  occur  in  the  sub- 
endotheiial  zone  of  the  tumor  capillary  wall.  The 
subendotheiial  zone  of  the  capillary  wall  is  a  highly 
varied  structure,  both  morphologically  and  chem¬ 
ically  L'ltrastructurally.  it  is  a  complex  composition 
of  microribrils.  elastin.  a  collagen-type  protein 
(re'.erred  to  as  collagen  IV  or  AB)  and  other  con¬ 
nective  tissue  elements,  especially  glycosumino- 
giycans  The  microtibrils  are  electron-dense 
filaments  oriented  in  a  longiu.  final  direction  to  the 
long  axis  of  the  vessel  and  they  maintain  the  struc¬ 
tural  integrity  of  the  tin.  capillary  wall.  This  studv 
shows  that  these  structural  subunits  of  the  capillarv 
wall  lose  their  functional  integrity  and  are  ultimately 
destroyed  within  the  first  2— i  h  after  phototherapy. 
We  did  note  many  normal  appearing  endothelial 
cells  in  areas  where  there  were  no  distinct  micro- 
T.'-rils  visible  'Uggesting  that  these  microfibrillar 
hemorrn.ice.  activation  of  intravascular  components 


such  as  complement  (a  senes  of  protein  molecules 
that  generate  an  impressive  array  of  bioactive 
factors  resulting  in  cel!  lysis)  or  hypoxia  secondary 
to  vascular  collapse. 

The  results  of  our  study  are  in  close  agreement 
with  those  recently  reported  by  Berenbaum  (1986) 
who  while  studying  cerebral  photosensitization 
found  that  the  tumor  capillaries  were  the  primary 
site  of  damage  in  the  brain  at  2  h  post  PDT.  Further¬ 
more,  those  structures  not  immediately  adiacent 
to  the  vasculature  such  as  neurons  and  neuroglia 
appeared  intact  suggesting  that  the  initial  damage 
was  not  extravascular. 

We  conclude  that  the  effects  of  photodynamic 
therapy  leading  to  rapid  tumor  necrosis  are  not 
the  result  of  direct  tumor  ceil  kill,  hut  raiher  are 
secondary  to  destruction  of  the  microtibrils  in  the 
subendotheiial  zone  of  the  tumor  capillary  wall. 
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In  Vitro  Characterization  of  Monoaspartyl 
Chlorin  e6  and  Diaspartyl  Chlorin  e6 
for  Photodynamic  Therapy1- 

\V.  Gregory  Roberts'  Fuu-Yau  Sfiiau /  J.  S.  Nelson / 

Ke\’in  M.  Smith,*  Michael  W.  Bemsli 


The  characteristics  of  two  new  chlorin  photosensitizers 
were  studied  in  cell  culture  by  determining  phototoxic- 
ity,  subcelluiar  localization,  and  photophysicai  proper* 
ties.  Monoaspartyl  chlorin  e,  (MACE)  and  diaspartyl 
chlorin  e6  (DACE)  are  new  photosensitizers  that  show 
promise  for  use  in  photodynamic  therapy.  These  chlo- 
rins  are  pure,  monomeric  compounds  as  determined 
by  high-pressure  liquid  chromatography.  Both  com¬ 
pounds  absorb  substantially  at  a  longer  wavelength 
(664  nm)  than  does  dihematoporphyrin  ether-ester 
(DHE).  Tumor  diagnosis  with  the  use  of  fluorescence 
should  be  facilitated  due  to  the  purity  of  the  com¬ 
pounds  and  the  single  fluorescence  emission  peak.  Pho¬ 
totoxicity  dose-response  curves  of  the  sensitizers  were 
completed  using  a  standard  clonogenic  assay  to  de¬ 
termine  cell  viability.  The  chlorins  showed  good  sen¬ 
sitizing  capabilities  with  light  In  addition,  subcei- 
lular  localization  of  MACE,  DACE,  and  DHE  was 
studied  using  fluorescence  microscopy.  Whereas  DHE 
was  located  throughout  the  cytoplasm,  the  primary  she 
of  localization  of  the  chlorins  appeared  to  be  in  the 


lysosome.  The  results  demonstrate  that  MACE  and 
DACE  are  effective  photosensitizing  agents  in  vitro 
and  compare  favorably  to  DHE.  [J  Natl  Cancer  Inst 
1988;80:330-336] 


Abbreviations  used:  ATCC=Amencan  Type  Culture  Collection:  CCL  = 
certified  cell  line;  DACE  =  diaspartyl  chlorin  e„  DHE  =  dihemaiopcrphynn 
ester-ether:  FCS  *  fetal  calf  serum;  HPD  =  hematoporphynn  derivative; 
HPLC  =  high-pressure  liquid  enromatography;  MACE  =  monoaspartyl 
chlorin  e,;  MEM  =  minimum  essential  medium;  PBS  =  phosphate-buffered 
saline;  PDT  =  photodynamic  therapy. 
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Porohvnn  compounds.  especially  HPD.  have  shown  urea: 
promise  in  treating  cancers  in  animal-.  i/-.<i  and  hunijn-> 

1 4.5  i.  Photosensiti/ation  wuh  a  light  of  the  appropriate  wave¬ 
length  and  intensity  can  lead  to  a  highly  selective  lorm  o; 
tumor  eradication  ( ~).  Photodamage  of  the  tumor  requires 
irradiation  of  the  sensitized  tissue  with  light  at  a  wavelength 
corresponding  to  the  absorption  hands  of  the  photosensi¬ 
tizing  agent  (8  ■.  Since  tumor  tissue  penetrance  increases 
with  wavelength  <9).  photosensitizer-,  with  absorption  bands 
longer  than  630  nm.  currently  used  for  HPD.  would  he  more 
desirable  for  PDT  Photofnn  II  contains  the  tumor-localizing 
fraction  of  HPD.  which  has  recently  been  identified  as  a  com¬ 
bination  of  dihematoporphyrin  ether  and  dihematoporphyrin 
ester  DHE  (10).  At  present,  the  efficacy  of  PDT  with  DHF. 
is  limited  by  the  ability  of  630-nm  light  to  penetrate  tissue 
and  thus  is  primarily  restricted  to  superficial  tumors  or  the 
use  of  multiple  liber  optic  impiants  in  larger  implants.  Cnlo- 
rins  are  chlorophyll  derivatives  with  a  prominent  absorbance 
band  in  the  red  region  around  6o5  nm,  which  is  red  shifted 
about  25  nm  in  comparison  to  porphyrins  (I  i ). 

Prior  to  determining  the  clinical  efficacy  of  VtACE  ami 
DACE,  it  is  necessary  to  characterize  the  in  vitro  cytotoxicity 
and  phototoxicity  In  this  study,  absorbance  and  fluorescence 
spectra,  in  vitro  subcellular  localization,  and  dose-response 
curves  were  determined  for  MaCE  and  DACE.  Furthermore, 
comparing  the  phototoxicity  and  photopitysiea!  nature  of 
the  chlorins  to  that  of  an  established  photosensitizing  agent. 
DHE.  is  a  necessary  prerequisite  to  litetr  acceptance  as  ar, 
alternative  to  DHE-PDT. 

Materials  and  Methods 

Compounds.  DACE  (fig.  IA)  and  MACE  (fig.  IBi  were 
prepared  and  analyzed  as  follows:  methyl  pheoohorbide-ar 
was  prepared  by  extraction  from  the  alga  Spirulina  maxima 
(12).  Alkaline  degradation  to  give  chionn  e„  tnmethvl  ester 
was  performed  as  described  elsewhere  (13).  Chionn  e,  was 
prepared  from  the  corresponding  trimethyl  ester  by  hydroly¬ 
sis  in  KOH-methanol-water  ( 14 ).  Di-ten-butyl  aspamc  acid 
(Sigma  Chemical  Co.,  St.  Louis.  MO)  was  attached  to  the 
chlorin  e„  following  the  method  of  Bommer  and  Burnham 
(15),  except  that  the  chlorin  carboxylic  function  was  acti¬ 
vated  as  the  acid  chloride.  Typically,  a  755fc  yield  of  aspartyl 
chlorin  rerr-butyl  esters  was  obtained  and  the  ratio  of  prod¬ 
ucts  was  around  755F  MACE  and  255c  DACE.  Structures 
were  verified  by  nuclear  magnetic  resonance  spectroscopy. 
Treatment  with  trifluoroacetic  acid  produced  MACE  and 


Figure  I.  A)  DaCE  mol  wi.  S26)  and  8)  MACE  tmol  wt.  71 1 ).  A,  B)  Me 
=  meihvl.  El  =  ethyl 


DACE,  respectively,  rrom  their  corresponding  fcrr-huly i  es¬ 
ters  i  In ' 

Phototrin  11  was  received  from  Phoi.iniedica  Inc.  tRuritjr  . 
SJ  i  as  a  Jurk  brown  solution  at  a  concentration  of  2.5  mg  mi 
in  normal  saline  and  was  stored  at  —  7il°C.  All  compound- 
were  diluted  in  culture  medium  as  required  tor  mdisidua 
experiment. 

Cells.  PTK.  ceils,  from  an  established  rat  kangaroo  ep¬ 
ithelial  line  ‘ATCC  CCL  56:  American  Type  Cuitur--  Col¬ 
lection.  Rockville.  MD>.  wmch  has  previously  teen  use/ 
to  determine  in  vitro  effects  of  HPD  •’/?!.  were  grown  ir, 
MEM  iGIBCO.  Grand  Island.  NYj  supplemented  wun  0  262 
mg  L-glutamine  ml.  100  U  penicillin  G  ml.  100  ug  strepto- 
mvein/mi.  and  I0G  FCStGIBCO) 

W-  also  used  the  established  cell  line  CHO-Ki  'Chi¬ 
nese  hamster  ovary  cells.  Cricetulus  itrixus.  ATCC  CCL  61  . 
These  cells  were  grown  in  MEM  supplemented  as  described 
above. 

HPLC  analysis.  Purity  of  material  was  established  using 
analytical  HPLC  [Waters  Associates  mode!  6000A  pump. 
Valeo  injector.  Perkin  Flmer  LC55B  variable  wavelength 
detector  set  at  668  nm.  W  iters  Associates  Z  module  witn  C- 
18  reversed-phase  10-pn  -artridge.  fiow  rate  of  2.5  ml  min 
of  solvent  with  a  linear  gradient  of  55 methanol  and  45fr 
phosphate  buffer  (pH  6.85,  0.01  ,Vf)  through  100G  methanol 
during  25  mini.  The  products  were  obtained  as  free  acias  by 
dilution  of  the  trifluoroacetic  acid  mixtures  with  water,  by 
extraction  with  dichloromeihane.  and  by  evaporation  in  air  to 
give  a  residue  recrystallized  from  tetrahvdrofuran-n- hexane. 

Absorption  and  fluorescence  analysis.  The  ab>orptn  n 
spectra  of  MACE.  DACE,  and  DHE  in  105*c  PCS  were  ob¬ 
tained  using  a  Beckman  DU-7  spectrophotometer  After  ceils 
were  incubated  24  hours  with  25  pg'ml  of  eitner  the  chio- 
rins  or  DHE.  washed  three  times  with  PBS.  and  sonicated, 
aosorption  spectra  were  obtained. 

The  fluorescence  emission  and  excitation  soectrc  of 
MACE.  DACE,  and  DHE  (2  Mg  ml)  in  PBS  plus  10F-  FCS 
were  determined  using  an  SL.V  8000  spectrofluorometer. 
The  emission  spectra  for  the  chlorins  were  scanned  from  620 
to  700  nm  using  an  excitation  wavelength  of  400  nm.  Tr.e 
emission  spectrum  for  DHE  was  scanned  from  590  to  ~5" 
nm  by  use  of  an  excitation  wavelength  of  400  nm.  The  ex¬ 
citation  spectrum  was  scanned  from  350  to  560  nm  with  the 
use  of  an  emission  wavelength  of  666  nm  for  the  chlorins. 
The  excitation  spectrum  of  DHE  was  scanned  from  340  to 
600  nm  with  an  emission  wavelength  of  635  nm. 

Laser  light  delivery  system.  Laser  irradiation  was  per¬ 
formed  with  a  Cooper  Lasersonics  (Santa  Clara.  CA)  770DL 
argon  dye  laser  system  with  4-dicyanomethylene-2-mcthy!- 
6-(/>*dimethyl  amino-styryl)-4W-pvran  dye.  The  laser  was 
tuned  to  emit  radiation  at  630  nm  for  cells  treated  with 
DHE  and  to  664  nm  for  cells  treated  with  the  chlorins.  Con¬ 
trols  were  irradiated  at  either  630  or  664  nm.  Wavelengths 
were  verified  using  a  Jobin  Yvon  #5/354  UV  monochroma¬ 
tor  (Longjumeau.  France).  The  radiation  from  the  dye  laser 
was  coupled  into  a  400-pm  fused  silica  fiber  optic  that  was 
terminated  with  a  microlens  that  focused  the  laser  radiation 
into  a  circular  field  of  uniform  light  intensity.  Laser  irra¬ 
diation  emanating  from  the  fiber  optic  was  monitored  with 
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a  Coherent  model  210  power  meter  before  and  alter  ex¬ 
posure.  Total  iaser  energy  density  was  10  Tern-'  (4.2  mini 
with  a  power  density  ot  40  mW  em:  Laser  energy  density 
and  power  density  were  selected  based  upon  previous  pilot 
studies 

Fluorescence  microscopy.  PTK:  cells  were  grown  on  glass 
cover  slips  anc  incubated  in  the  dark  with  one  of  the  fol¬ 
lowing:  25  ug?ml  of  either  DHE.  MACE,  or  DACE  for  24 
hours  or  the  fiuorochrome  acridine  orange  (0.17r  stock  solu¬ 
tion  in  PBS  (pH  7.0)!  for  5  minutes.  The  cells  were  washed 
repeatedly  with  fresh  PBS  prior  to  photography.  An  epiflu- 
orescence  RA  microscope  (Zeiss)  illuminated  with  a  50-W 
mercury  lamp  was  used  for  ail  micrographs.  Cells  treated 
with  DHE  or  the  chlorins  were  photographed  using  a  Zeiss 
BP405/8  exciter  filter  (a  band-pass  filter  centered  at  405 
nm  with  a  band  width  of  8  nm),  chromatic  beam  splitter 
FT420  (Zeissi.  and  barrier  filter  LP590  (Zeiss).  For  acridine 
orange-treated  cells,  a  cutoff  exciter  filter.  G436;  an  FT510 
beam  splitter,  and  an  LP515  barrier  filter  were  used. 

In  vitro  phototoxicity.  CHO  cells  were  plated  in  petri 
dishes  at  a  density  of  3  X  I0<  cells,  dish.  Twenty- four  hours 
after  seeding,  ceils  were  incubated  with  the  appropriate  sen¬ 
sitizer  for  24  hours  at  various  concentrations  (0.5.  1.  5.  10. 
and  15  Mg 'mi).  After  incubation,  200  cells  were  replated 
into  oO-mm-diameter  petri  dishes  and  allowed  to  attach  for 
4  hours,  continuing  incubation  in  presence  of  the  drug.  Im¬ 
mediately  preceding  irradiation,  media  with  sensitizer  were 
removed  and  replaced  with  fresh  media.  Cells  were  irradi¬ 
ated  as  described  previously.  Plates  were  allowed  to  incu¬ 
bate  for  7  days  after  irradiation,  at  which  time  clones  de¬ 
rived  from  individual  surviving  cells  were  washed  with  PBS 
and  fixed  with  1007b  methyl  alcohol  for  5  minutes.  Clones 
were  washed  twice  more  with  PBS  and  allowed  to  dry  be¬ 
fore  staining  with  0-5%  crystal  vioiet  and  0.57b  methyiene 
blue.  All  procedures  were  performed  in  the  dark  or  subdued 
light.  Plating  efficiency  was  determined  from  cells  that  re¬ 
ceived  neither  drug  nor  light.  Controls  consisted  of  cells  that 
received  either  light  aione  (664  or  630  nm)  or  drug  alone. 

Results 

HPLC  analysis.  Purity  of  the  samples  was  determined  by 
analytical  HPLC  snown  in  figure  2  and  by  HPLC  comparison 
with  an  authentic  sample  (15). 

Absorption  and  fluorescence  spectra.  The  absorption 
spectra  of  MACE.  DACE,  and  DHE  in  10%  serum  are  shown 
in  figure  3.  The  significant  absorption  bands  of  the  sensitiz¬ 
ers  ( 10  Mg'  ml  i  with  the  addition  of  10%  FCS  were  identical 
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Figure  3.  Absorption  tAbs.i  spectra  of  MACE  ( - 1.  DACE  cr.d 

DHE.' - )  in  the  presence  of  10%  FCS  at  a  concentration  of  10  itfirJ 

for  MACE  =  3.8  x  10*  L/met-cm.  im  for  DACE  =  2.3  X  10*  L  mcl-crv.. 
and  for  DHE  =  3  6  X  10'  Umol-cm. 

to  those  obtained  in  cells  (data  not  shown).  The  molar  ex¬ 
tinction  coefficients  at  the  therapeutic  wavelengths  are  3.8  X 
10*  L/moI-cm  for  MACE  (664  nm)  and  2.3  X  K)4  i.  molrem. 
for  DACE  (664  nm);  for  DHE  (630  nm),  ester-eiher  i-.  one 
order  of  magnitude  less  at  3.6  X  10'  L'mol-cm. 

The  fluorescence  emission  and  excitation  spectra  of  the 
two  chlorins  were  very  similar.  The  emission  spectra  of 
DACE  and  MACE  had  one  peak  (fig.  4A.  4B).  However, 
the  peak  was  at  669  nm  for  MACE  and  667  nm  for  DACE. 
The  fluorescence  emission  spectrum  of  DHE  (fig.  4C  i  .lad 
three  peaks.  620,  635,  and  691  nm.  All  fluorescence  inten¬ 
sities  were  normalized  with  respect  to  each  other,  with  DHE 
having  the  lowest  absolute  intensity. 

The  fluorescence  excitation  spectrum  for  MACE  : fig.  5S: 
exhibited  peaks  at  399  and  425  and  a  broad  band  centered 
at  510  nm,  which  correlated  with  the  absorption  spectrum 
(fig.  3).  DACE  exhibited  only  two  peaks,  a  broad  Band 
centered  at  417  nm  and  another  at  570  nm  (fig.  5A>  The 
excitation  spectrum  of  DHE  had  one  large  peak  at  400  nm 
and  smaller  bands  at  505,  538.  and  578  nm  (fig.  50.  The 
excitation  spectra  of  DACE  and  DHE  also  correlated  to  their 
respective  absorbance  spectra.  As  with  the  emission  spectra, 
the  excitation  spectra  were  normalized,  with  DHE  yielding 
the  lowest  absolute  intensity. 

Subceilular  binding.  The  cellular  binding  sites  of  MACE 
or  DACE  were  examined  by  fluorescence  microscopy.  Fig¬ 
ure  6C  and  6D  arc  fluorescence  micrographs  of  PTK:  ceils 
incubated  for  24  hours  with  MACE  and  DACE,  respec¬ 
tively.  Notice  the  discrete  brightly  staining  regions  in  the  cy¬ 
toplasm  and  the  lack  of  stain  associated  with  the  plasma 
membrane  and  nucleus.  DHE  (fig.  6A)  exhibited  diffuse 
staining  throughout  the  cytoplasm.  When  the  micrographs  of 
chlorin- treated  cells  were  compared  to  a  micrograph  of  cells 
treated  with  a  well-known  iysosome- staining  fiuorochrome. 
such  as  acridine  orange  (fig.  6B),  similar  discrete  brightly 
staining  cytoplasmic  inclusions  were  seen. 

In  vitro  phototoxicity.  Cell  killing  dose-response  curves 
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4.  Mui'fv^cfKe  emmuNi  \pcctrj  «»f  DACE  •  A»  and  MACE.  Bi 
in  PBS  with  th<  idJitum  ol  UVT  FCS  Etauiion  wa*elen*th  for  each 
compound  *a&  4«M  nm  determined  from  the  absorption  spectra  *  fl ^  » • 
Ci  Emission  spectrum  tin  DHE  in  PKS  with  scrum  Excitation  Ajselencth. 
4<*)  nm 


with  the  use  of  a  standard  clonogtnicity  assay  were  deter¬ 
mined  for  CHO  cells  after  24  hours  of  exposure  to  MACE, 
DACE,  or  DHE  (ftg.  7).  This  cell  line  was  chosen  because 
it  is  often  used  in  clonogenicity  assays  due  to  its  ability  to 
form  single-cell  suspension  i!8,I9).  Virtually  all  the  cells 
were  killed  by  5  Mg/ml  of  DHE  with  630-nm  light,  whereas 
15  jxg/ml  of  chlonii  was  needed  to  reach  equivalent  tox¬ 
icides.  The  phototoxicities  of  the  two  chlorins  were  approxi¬ 
mately  equal,  with  the  monoaspartyi  derivative  being  slightly 
more  effective.  Each  datum  point  represented  the  average  of 
five  petri  dishes.  Controls  receiving  only  drug  and  no  light 
showed  little  cytotoxicity  with  all  the  compounds.  Even  at 
the  highest  concentrations  tested,  less  than  8%  toxicity  was 
seen.  Cells  exposed  only  to  the  irradiation  with  no  photo- 
sensitizer  showed  less  than  2%  loss  in  viability.  The  chlorins 
were  effective  photosensitizers  out  to  670  nm. 

Discussion 

PDT  with  DHE  has  been  limited  in  its  effectiveness  due  to 
low  tissue  penetrance  and  minimal  absorption  at  630  nm.  In 
addition,  the  heterogeneous  nature  of  the  porphyrin  mixture 
has  hindered  elucidation  of  the  mechanism  behind  PDT.  The 


chlorins  arc  known  to  have  significant  absorption  bands  at 
wavelengths  longer  than  650  nm.  thereby  increasing  their 
tissue  penetrance  and  potentially  tumor  photodestruction. 
Our  study  examined  the  absorption  and  tluorescence  spectra, 
phototoxicity,  cytotoxicity,  and  subcellular  localization  of 
two  new  monomeric  photosensitizing  compounds,  MACE 
and  DACE. 

The  HPLC  analyses  of  the  chlorins  resulted  in  the  elution 
of  compounds  with  a  single  peak,  suggesting  that  the  chlorins 
are  very  pure  DACE  appears  to  be  slightly  more  hydrophilic 
than  MACE,  as  determined  by  elution  times. 

Both  compounds  have  significant  absorbance  at  664  nm. 
We  noted  a  red  shift  of  approximately  10  nm  in  the  ther¬ 
apeutic  band  (664  nm)  with  the  addition  of  cells  or  serum 
when  compared  to  the  compounds  in  PBS  (data  not  shown). 
This  is  most  likely  due  to  drug  binding  to  serum  protein  or 
membranes.  As  with  porphyrins,  the  very  intense  Soret  band 
(400-nm  region)  could  be  useful  for  the  treatment  of  super¬ 
ficial  diseases  where  deep  penetration  into  the  tissue  is  not 
desirable. 

The  fluorescence  emission  spectra  for  the  chlorins  have 
one  peak  around  668  nm.  which  does  not  shift  when  the 
microenvironment  changes  (data  not  shown),  whereas  DHE 
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has  three  peaks  at  620,  635,  and  691  nm,  which  change  in 
position  and  relative  intensity  when  the  serum  concentration 
and/or  pH  is  changed  (Kimel  S:  personal  communication). 
We  believe  that  the  single  emission  peak,  purity,  and  in 
vitro  stability  of  the  chlorins  could  make  them  much  easier 
compounds  to  use  in  the  detection  and  treatment  of  tumors 
in  vivo.  Diagnostic  fluorescence  could  only  be  attributed  to 
the  injected  chlorin  and  directly  correlates  with  molecular 
localization  and  therefore  site  of  phototoxicity.  However,  the 
heterogeneous  nature  of  HPD  yields  numerous  fluorescent 
fractions,  some  of  which  are  not  significantly  phototoxic. 

The  fluorescent  micrographs  provide  insight  into  the  pos¬ 
sible  differences  in  cellular  uptake  and  organelle  binding 
between  the  hydrophilic  chlorins  and  the  lipophilic  DHE. 
Whereas  DHE  diffusely  stains  the  cytoplasm,  the  chlorins 
are  only  found  in  cytoplasmic  organelles  that  appear  to  be 
lysosomes.  This  conclusion  is  based  upon  seeing  a  similar 
pattern  to  that  found  in  cells  stained  with  acridine  orange  (a 
known  lysosome-staining  fluorochrome).  Therefore,  MACE 
and  DACE  are  possibly  more  specific  to  a  particular  cate¬ 
gory  of  cellular  organdies  than  is  DHE.  This  nypotnesis  is 
consistent  with  the  difference  in  relative  hvdrophobicities  of 
the  sensitizers  (as  can  be  determined  from  HPLC  retention 


times  of  the  chlorins  compared  to  published  retention  times 
of  HPD  (20)]. 

The  phototoxicity  curves  demonstrate  that  DHE  is  the 
more  potent  photosensitizer  under  the  experiment  conditions 
outlined  above.  However,  it  is  also  quite  evident  that  both 
chlorin  compounds  are  effective  in  vitro  sensitizers;  however. 
MACE  is  slightly  more  phototoxic.  Note  that  an  additional 
hydrophilic  group  on  the  chlorins  results  in  decreased  ef¬ 
fectiveness.  This  finding  is  similar  to  results  obtained  with 
certain  phthalocyanines  (21).  The  difference  in  phototoxic¬ 
ity  between  the  chlorins  can  be  explained,  in  part,  by  the  de¬ 
crease  in  absorbance  at  664  nm  with  DACE.  In  addition,  cel¬ 
lular  uptake  is  undoubtedly  affected  by  the  more  hydrophilic 
nature  of  the  diaspartyl  compound.  Although  use  of  higher 
concentrations  of  the  chlorins  may  be  necessary  to  obtain 
equivalent  phototoxicity,  deleterious  secondary  side  effects 
associated  with  DHE-PDT  (such  as  skin  photosensitization) 
are  not  present  with  the  chlorin  compounds  [(22);  unpub¬ 
lished  results].  In  addition,  the  chlorins  are  not  cytotoxic  un¬ 
less  activated  with  iight  at  the  highest  concentration  of  sen¬ 
sitizer  tested,  suggesting  that  even  higher  concentrations  can 
be  used  safely. 

Our  studies  show  that  MACE  and  DACE  are  effective 
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Figure  *.  Fluorescence  nuoofnpta  of  PTK,  cells  incubated  with  DHE  (22  nglmi  Cor  24  hr)  (At  with  acridine  orange.  a  knowa  lywsome-suming 
iluorochrome  ( Bfc  with  MACE  (22  Mgfnd  for  24  hr)  (Ck  and  with  DACE  (25  aglml  for  24  hr)  (Dl  *Nodce  the  diffuse  suanng  of  cytoplasm  in  DHE-treated 
cells  and  the  similarity  between  acridine  orange-treated  and  chlonn-treated  cells.  ChJonas  appear  w  he  much  more  specifically  localized  ( A-D)  X  030. 
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Fifurt  7.  Dose -response  curves  or'  CHO  cells  incubated  with  DHE  (C). 
MACE  (X),  or  DACE  (O)  for  24  hr  After  incubation  and  piating  (200 
cells/ pern  dish),  cells  were  irradiated  using  an  argon-pumped  dye  laser  tuned 
to  emit  light  at  620  nm  for  DHE-treated  cells  and  at  6b4  nm  tor  chionn- 
treated  cells  Viability  was  determined  by  a  clonogenicity  assay  Dark  con¬ 
trols  consistently  had  >9555/  survival 


photosensitizers  in  vitro  and  could  provide  an  alternative 
to  DHE.  The  greater  tissue  penetrance  of  the  longer  wave¬ 
length  and  the  reduced  residual  skin  photosensitivity  give 
these  compounds  decided  advantages  over  DHE.  Further¬ 
more,  the  chemical  purity  and  single  fluorescence  emission 
band  facilitate  chemical  analysis  and  characterization 
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Comparison  of  continuous- wave  lasers  for 
endarterectomy  of  experimental  atheromas 


The  saadard  svgiaJ  Users,  argon  ion.  neodymium- yttrium  aluminum  garnet,  and  carbon  dioxide,  are 
often  operated  as  continuous  ware  Users  with  specific  uses.  Ginkai  Disk  of  User  therapy  for 
arterioaderatk  cardiovascular  disease  are  underway  with  all  three  Users.  Therefore,  we  compared  these 
three  Users  under  controlled  experimental  conditions.  A  thoracoabdominal  exploration  was  performed  in 
17  arteriosclerotic  rabbits.  The  aorta  was  isolated,  heparin  administered,  and  multiple  endarterectomies 
wen  performed  in  each  rabbit  with  each  of  the  Users.  A  line  of  User  craters  was  created  at  the  proximal 
and  dbeal  ends  of  an  atheroma.  Continuous-wan  User  radiation  was  used  to  connect  the  craters  and 
thereby  form  proximal  and  distal  end  points.  The  pbques  wen  dissected  free  from  the  aorta  with  User 
fight  and  the  end  points  were  fused  by  User.  The  aortas  were  removed  for  fight  microscopy  and  the 
«««!«  were  lulled.  The  endarterectomy  surfaces  and  end  points  were  seriafiy  sectioned  and  graded 
according  to  fight  microscopic  findings  (1  *  worst,  4  ■  best).  Argon  ion  User  endarterectomy  (N  “  16) 
rapared  106  ♦  10  J/cm1.  The  surface  score  was  3.5  and  end  point  score  U  Neodymium-yttrium 
ahaniman  garnet  User  endarterectomy  (N  •  13)  required  1.289  r  1 15  J/cnr  with  a  surface  score  of  2.4 
(f  <  0.001  from  argoa  ion)  and  an  end  point  score  of  1.3  if  <  0.001  from  argon  ioal.  Carbon  dioxide  User 
endarterectomy  (N  »  9)  reqtared  30  :  Si/cm1  with  a  surface  score  of  2.0{p  <  OidM  from  argon  ion)  and 
an  end  point  score  of  1.6  (p  <  0.001  from  argon  ion).  Perforation  occurred  in  one  of  16  argon  ion  studies 
(technical  error,  not  User),  ia  1 1  of  13  neodymium-yttrium  aluminum  garnet  studies,  and  in  six  of  nine 
carbon  dioxide  studies.  This  study  demonstrates  that  of  the  currently  available  dinicai  continuous-wave 
Users,  the  argon  ion  User  is  superior  for  endarterectomy  of  experimental  atheromas. 
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Lasers  that  generate  light  as  a  continuous  output  of 
energy  for  a  period  of  greater  than  250  msec  are  known 
as  continuous-wave  (CW)  lasers.  The  three  standard 
surgical  lasers,  the  argon  ion,  neodymium-yttrium  alu- 

From  the  Dqwrunem  of  Surgery.  Veteran*  Adminutrauoo  Medical 
Center.  Long  Beech.  Calif,  University  of  California.  Irvine.  Calif., 
and  the  Beckman  Laser  Institute  and  Medial  Clinic. 

Read  at  the  Sixty-sixth  Annual  Meeting  of  The  Amenan  Association 
for  Thoracic  Surgery.  New  York.  N  Y,  April  28-30.  I98iS 
Supported  by  National  Institutes  of  Health  Grants  RRO  1 192  and 
HL  31318 

Address  for  reprints:  John  Eugene.  M  D  .  5901  E.  Seventh  St  (112). 

Long  Beach.  Calif.  90822. 

494 


minum  garnet  (Nd-YAG),  and  carbon  dioxide  lasers, 
can  all  be  operated  as  CW  lasers.1  Because  the  lasers 
have  different  wavelengths,  their  light  is  absorbed  to 
different  degrees  by  different  tissues  and  specific  uses 
have  evolved  for  each  one.  Ail  of  them  have  been 
proposed  for  use  ia  the  treatment  of  arteriosclerotic 
cardiovascular  disease,  and  clinical  trials  have  begun.-'-* 
However,  adequate  comparative  in  vivo  studies  of  their 
effect  on  arteriosderooc  vessels  have  not  been  perform¬ 
ed.  This  study  evaluates  the  laser-atheroma  interaction 
of  the  standard  surgical  lasers  in  an  experimental 
arteriosclerosis  model  by  the  gross  and  microscopic 
results  of  open  laser  endarterectomy. 
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Fit.  I-  h*s*t  shows  an  artenasclcrxic  rabbit  aorta  opened  to 
expose  an  atheromatous  plaque.  A  line  of  laser  craters 
(approximately  0.5  mm)  diameter  is  being  created  at  one  end 
of  the  plaque.  The  craters  penetrate  to  the  media. 


Materials  and  methods 

Arteriosclerotic  New  Zealand  white  rabbits  were 
used  in  this  study.5  They  received  humane  care  in 
compliance  with  the  “Principles  of  Laboratory  Animal 
Care"  formulated  by  the  National  Society  for  Medical 
Research  and  the  “Guide  for  the  Care  and  Use  of 
Laboratory  Animals"  (NIH  Publication  No.  80-23, 
revised  1978).  Under  general  anesthesia  (intramuscular 
acepromazine  0.5  mg/kg,  xytazine  30  mg/kg,  and 
ketamine  50  mg/kg),  17  rabbits  underwent  balloon 
catheter  trauma  to  the  thoracoabdominal  aorta.  After 
recovery  from  anesthesia,  they  were  begun  on  a  2% 
cholesterol  diet  and  continued  on  this  diet  for  20  weeks. 
This  regimen  has  been  shown  to  produce  significant 
arteriosclerosis  in  86%  of  rabbits.5  The  arteriosclerosis  is 
uniform  throughout  the  traumatized  aorta.  The  inuma 
appears  markedly  thickened  and  discolored.  The  ather¬ 
omas  have  a  fibrous  cap  surrounding  areas  of  inflamma¬ 
tion.  fatty  infiltration,  and  microcalcification  that  often 
extend  across  the  internal  elastic  lamina  into  the 
media.5 

The  arteriosclerotic  rabbits  were  anesthetized  (intra¬ 
muscular  acepromazine  0.5  mg/kg,  xylazine  3  mg/kg, 
and  ketamine  50  mg/kg),  intubated,  and  ventilated  with 
a  small-animal  respirator.  Supplemental  ketamine  (50 
mg/kg  intravenously)  was  administered  during  the 
procedure  to  maintain  anesthesia.  A  thoracoabdominal 
exploration  was  performed  and  the  aorta  was  exposed. 
Heparin  (3.0  mg/kg  intravenously)  was  administered 
and  proximal  and  distal  vascular  control  was  obtained. 
The  aorta  was  opened  to  expose  the  atheromatous 
plaques.  Open  laser  endarterectomy  was  performed  by 
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Fig.  2.  The  lines  of  laser  craters  are  connected  by  CW  laser 
radiation  lo  loosen  the  plaque  and  form  proximal  and  distal 
end  points. 


Fig.  3.  The  atheroma  is  elevated  away  from  the  media  by 
CW  laser  radiation.  The  cleavage  plane  of  the  endarterectomy 
is  being  developed  within  the  media  by  laser  light. 

creating  a  line  of  laser  craters  with  individual  laser 
exposures  at  the  proximal  and  distal  ends  of  an  athero¬ 
ma.  The  lines  of  laser  craters  were  connected  by 
constant  laser  application  to  form  proximal  and  distal 
end  points  and  elevate  the  atheroma.  Constant  laser 
application  was  used  to  develop  the  proper  cleavage 
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Fit.  4.  The  damage  plane  has  been  developed  within  (he 
media  bv  CW  Laser  radunon.  which  allows  the  piaque  to  be 
disseaed  free  from  (he  artery.  Inset  shows  the  completed 
endarterectomy  with  the  end  points  welded  for  a  smooth 
transition  from  endarterectomy  surface  to  mlima. 

plane  just  beneath  the  internal  elastic  lamina  and  to 
dissect  the  atheroma  from  the  aorta.  The  end  points 
were  welded  by  additional  laser  exposure  to  provide  a 
secure  transition  from  endarterectomy  surface  to  intima. 
Only  laser  light  was  used  to  perform  the  endarterec¬ 
tomies.  The  technique  is  illustrated  in  Figs.  1  to  4. 

In  Group  I  (seven  rabbits)  an  argon  ion  laser  (Innova 
20.  Coherent  Inc.,  Palo  AJto.  Calif.)  was  used.  Laser 
radiation  was  delivered  through  a  400  *un  quartz  optical 
fiber  that  was  freshly  cut  for  each  experiment.  Power 
was  delivered  at  1.0  W  (producing  a  spot  approximately 
0.5  mm)  and  this  was  continuously  monitored  from  the 
laser  head.  Power  was  also  measured  from  the  output 
end  of  the  optical  fiber  at  the  beginning  and  conclusion 
of  each  endarterectomy  with  a  Coherent  power  meter. 
Model  210.  Energy  delivered  to  the  aorta  was  regulated 
by  the  duration  of  exposure,  and  this  ranged  from  1 .0 
second  to  30  seconds  ( 1.0  to  30  J  per  exposure). 

In  Group  II  (six  rabbits)  endarterectomy  was  per¬ 
formed  with  an  Nd-YAG  laser  (Model  8000-3,  Molec- 
tron  Corporation,  Santa  Clara,  Calif.).  Laser  radiation 
was  delivered  through  a  600  urn  quartz  optical  fiber 
with  an  integral  aiming  light.  Power  was  delivered  at  10 
to  20  W  depending  on  the  tissue  response  to  Nd-YAG 
radiation.  Spot  size  was  0.6  to  0.8  mm.  Power  was 


^iintinuouily  monitored  'rom  a  built-in  n-uc-  meter 
Energy  dclnered  was  regulated  by  the  duration  of 
exposure.  arid  tins  ranged  from  0.5  second  to  30  wxon<i> 

1 10  to  300  J  per  exposure). 

In  Group  III  '.four  rabbits)  a  hand-held  carbon 
dioxide  laser  (Model  Systems  LS  20- 1 i.  Directed 
Energy,  Inc,  Irvine  Calif.)  was  used  Power  was 
delivered  from  the  laser  head  directly  at  the  3ona  at  an 
output  of  10.0  W.  Spot  size  was  0  2  to  0  4  mm. 
Exposure  time  was  kept  constant  at  10  msec  tO.  I  J  per 
exposure).  Energy  delivery  was  regulated  by  using  rapid 
senes  of  laser  exposures  to  perform  the  steps  of  the 
endarterectomy. 

After  User  endarterectomy,  the  aortas  were  harvested 
and  the  animals  were  killed  (barbiturate  injection).  The 
aortas  were  rmsed  in  Ringer's  lactate  solution  and 
separated  into  surface  and  end  point  specimens  under  a 
dissecting  microscope.  The  specimens  were  pinned  fiat 
on  Teflon  blocks,  fixed  in  3%  glutaraldehyde  in  phos¬ 
phate  'buffer  at  4°  C  for  24  hours,  and  rinsed  in 
phosphate  buffer.  They  were  dehydrated  through  an 
alcohol  series,  removed  from  the  Teflon  blocks,  and 
embedded  •-  paraffin.  Ail  specimens  were  serially 
sectioned  at  6  urn  and  stained  with  hematoxylin  and 
eosin. 

The  surfaces  and  aid  points  were  graded  according  to 
gross  and  light  microscopic  appearance  For  the  surface. 
1  -  perforation.  2  -  wrong  cleavage  plane,  3  »  rough 
surface,  and  4 »  smooth  surface.  For  the  end  points. 

I  •  perforation.  2  “  intimai  flap,  3  »  rough  transition, 
and  4  »  smooth  transition.  The  specimens  were  exam¬ 
ined  independently  by  three  of  the  authors  and  the 
results  for  each  specimen  were  averaged  to  determine 
the  final  score.  The  scores  for  Groups  I,  II.  and  III  were 
compared  by  the  4  by  3  contingency  table  and  the 
Kruskal-WaJlis  test  with  tied  midranks.'  Differences 
amounting  to  a  p  value  less  than  0  05  were  considered 
significant. 

Results 

A  total  of  16  endarterectomies  were  performed  in 
Group  I  (argoa  ion  laser),  13  endarterectomies  tn  Group 

II  (Nd-YAG  laser),  and  nine  endarterectomies  in 
Group  III  (carbon  dioxide  laser). 

The  gross  appearance  of  the  argon  ion  laser  endarter¬ 
ectomies  was  satisfactory.  The  surfaces  were  smooth 
and  shiny  without  residual  atheroma  and  the  end  points 
were  fused.  Perforation  occurred  at  one  distal  end  point 
as  a  result  of  a  technical  error  (the  tip  of  the  fiber 
touched  the  artery)  rather  than  (he  laser  beam.  The 
argon  ion  laser  energy  was  well  absorbed  by  the 
arteriosclerotic  rabbit  aortas  and  produced  a  uniform 
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Fig.  5.  Endarterectomy  surfaces  after  open  laser  endarterec¬ 
tomy  in  arteriosclerotic  rabbit  aortas.  A,  Argon  ion  surface 
shows  a  smooth  endarterectomy  surface.  The  cleavage  plane 
has  been  developed  just  beneath  the  internal  elastic  lamina. 
The  architecture  of  the  media  and  adventitia  is  undisturbed 
and  there  is  no  debris  or  thermal  injury.  B.  Nd-YAG  surface  is 
rough  and  distorted.  The  cleavage  plane  is  superficial  to  the 
internal  elastic  lamina  leaving  atheromatous  inlima.  The 
surface  shows  extensive  thermal  injury  manifested  by  charring 
and  blistering.  C,  Carbon  dioxide  surface  is  uneven.  The 
cleavage  plane  has  been  developed  deep  within  the  media 
almost  to  the  adventitia.  There  is  residual  debris  but  no 
thermal  injury,  i.  Intima.  m.  Media,  a.  Adventitia.  Calibration 
bar  ■  50  um  (Hematoxylin  and  eosin  stain). 


Fig.  6.  Distal  end  points  after  open  laser  endarterectomy  in 
arteriosclerotic  rabbit  aortas.  A,  Argon  ion  end  point  has  a 
smooth  tapered  transition  from  intima  to  endarterectomy 
surface.  The  layers  are  fused  and  there  are  mild  thermal 
changes  along  the  surface  manifested  by  carbonization  and 
polymorphous  lacunae.  B,  Nd-YAG  end  pcini  is  uneven  and 
almost  perforated.  There  is  extensive  thermal  injury  manifest¬ 
ed  by  charring  and  distortion  of  tissue  planes.  C.  Carbon 
dioxide  end  point  is  irregular  and  uneven.  There  are  mild 
thermal  changes  manifested  by  surface  carbonization.  Closed 
arrow.  Intimal  surface.  Open  arrow.  Endarterectomy  surface. 
i.  Intima.  m.  Media,  j.  Adventitia.  Calibration  bar  *  100  am 
(Hematoxylin  and  eosin  stain). 


depth  of  penetration  that  was  predictable  and  controlla¬ 
ble.  There  was  no  evidence  of  thermal  damage  to 
surrounding  structures.  Light  microscopic  examination 
of  serial  sections  showed  the  cleavage  plane  to  be  just 
beneath  the  internal  elastic  lamina  in  all  16  experiments 
(Fig.  5,  .4).  The  end  points  were  fused  by  phototherapy 


and  nine  of  16  showed  a  smooth  transition  from  intima 
to  endarterectomy  surface  (Fig.  6,  /l).  An  intimal  flap 
was  left  in  one  experiment  and  this  was  detected  only  by 
microscopic  examination. 

The  gross  appearance  of  Nd-Y  AG  laser  endarterec¬ 
tomies  was  unsatisfactory.  The  surfaces  were  discolored 
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and  parched  and  the  end  points  were  charred  The 
Nd-YAG  laser  energy  was  not  uniformly  absorbed  by 
rabbit  aortas;  rather,  it  was  transmitted  through  the 
aorta  so  that  it  produced  thermal  damage  to  the 
adventiua  and  surrounding  structures  (inferior  vena 
cava,  bowel,  and  muscles).  The  unpredictable  depth  of 
laser  beam  penetration  led  to  uneven  endarterectomy 
surfaces  and  end  points.  Light  microscopy  revealed  the 
wrong  cleavage  plane  in  six  of  1 3  experiments  ( Fig.  5.  B) 
and  perforation  at  11  of  13  end  points  (Fig.  6,  B). 

The  gross  appearance  of  carbon  dioxide  laser  endar¬ 
terectomies  was  generally  satisfactory.  Close  inspection, 
however,  revealed  that  fragments  of  intima  and  internal 
elastic  lamina  were  left  on  the  surfaces  and  there  were 
small  perforations  at  the  end  points.  The  carbon  dioxide 
laser  energy  was  so  well  absorbed  by  the  arteriosclerotic 
rabbit  aortas  that  the  depth  of  laser  beam  penetration 
was  unpredictable.  The  result  was  uneven  dissection  and 
frequent  perforation.  There  was  no  evidence  of  thermal 
damage  to  surrounding  structures.  Light  microscopy 
showed  that  the  wrong  cleavage  plane  was  developed  in 
five  of  nine  surfaces  (Fig.  5,  O  and  there  were 
perforations  at  six  of  nine  end  points  (Fig.  6,  O- 

Laser  endarterectomy  results  are  summarized  in 
Tables  l  to  III.  The  mean  (±  standard  error  of  the 
mean)  surface  area  of  argon  ion  laser  endarterectomy 
was  1.89  i  0.23  cm:  and  required  an  average  energy 
density  of  106  *  10  J/cnv.  The  mean  Nd-YAG  laser 
endarterectomy  surface  area  was  1.45  ±  0.16  cm’  and 
required  an  average  energy  density  of  1 ,289  r  1 1 5 
J/cnr  The  mean  carbon  dioxide  laser  endarterectomy 
surface  area  was  1.67  ;0.  II  cm;  and  required  an 


average  energy  density  of  30  *  5  J/cm;.  Endarterecto¬ 
my  surface  scores  averaged  3.5  for  Group  I.  2.33  for 
Group  II  (p  <0  001  from  Group  1).  and  2.0  for  Group 
III  fp  <  0.001  from  Group  I).  End  point  scores  were 
3.38  for  Group  I.  1.31  for  Group  II  Ip  <0.001  from 
Group  li.  and  1.56  for  Group  III  (p<  0.001  from 
Group  I). 

Discussion 

The  argon  ion  laser  1 468  and  5 1 4.5  nm I  is  a  C  W  laser 
with  mixed  wavelengths  that  arc  best  absorbed  by 
hemoglobin  and  melamn-pigmcnted  tissue.  It  has  been 
used  to  remove  pigmented  cutaneous  lesions  and  to 
cauterize  gastrointestinal  bleeding  sites.  Its  penetration 
in  tissue  is  l  to  2  mm.  The  Nd-YAG  laser  ( 1 .06  nm)  is  a 
CW  laser  with  a  wavelength  that  is  absorbed  by  tissue 
protein.  It  is  usca  to  ablate  tumors,  cauterize  bleeding 
sites,  and  coagulate  tissues.  Its  penetration  in  tissue  is 
approximately  4  mm.  The  carbon  dioxide  laser  (10.6 
Mm)  is  a  CW  laser  whose  beam  is  well  absorbed  by 
tissue  water.  It  is  used  as  a  cutting  instrument  intraoper- 
atively  because  its  penetration  in  tissue  is  limited  to  0. 1 
to  0.2  mm.  The  argon  ion  and  Nd-YAG  laser  beams  can 
be  directed  through  commercially  available  optical 
fibers.  There  are  no  readily  available  optical  fibers  for 
the  carbon  dioxide  laser,  but  several  experimental  fibers 
are  being  tested.1 '  ’ 

Fiberoptic  delivery  makes  it  possible  to  direct  laser 
enerpv  through  a  catheter  or  angtoscope  to  ablate 
atheromas  at  distant  sites  within  arteries.  Optical  libers 
can  also  be  modified  with  metal  caps'* or  ■■ipphire 
crystals"  for  specific  recanalization  or  cutting  purposes. 


v  jigm*  53 

SumDr  4 
Apr*  tdfl* 


Conttnuou\-*ave  lasers  for  endarterectomy  4  0  0 


Table  II.  A*.'- 1  40'  laser  endarterectomy 
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Table  DOL  Carbon  dioxide  laser  endarterectomy 
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For  this  reason  most  investigations  of  laser  treatment  for 
arteriosclerotic  cardiovascular  disease  have  been  per¬ 
formed  with  the  argon  ion  and  Nd-YAG  lasers  and 
initial  clinical  trials  were  begun  with  these  lasers.1114 
Optical  fibers  may  not  be  absolutely  necessary,  however. 
Livesay  and  associates15 14  have  shown  that  a  carbon 
dioxide  laser  beam  can  be  introduced  into  coronary 
arteries  intraoperatively.  Their  technique  is  designed  to 
recanalize  diffusely  diseased  coronary  arteries  before 
bypass  grafting.  At  this  time  clinical  trials  are  in 
progress  with  these  three  different  lasers  without  com¬ 
parative  in  vivo  data  concerning  their  effects  on  arterio¬ 
sclerotic  arteries. 

In  the  present  study  the  three  standard  surgical  lasers 
were  compared  by  the  results  of  open  laser  endarterec¬ 
tomy.  Laser  endarterectomy  is  a  uniform  method  for  the 
in  vivo  study  of  laser  interactions  with  arteriosclerotic 
arteries. 1  n '*  With  laser  endarterectomy,  all  of  the 
surgical  uses  of  lasers  (vaporization,  cutting,  dissection, 
coagulation,  and  welding)  can  be  evaluated  with  one 
procedure  under  direct  observation  and  vascular  control. 
The  technique  of  laser  endarterectomy  was  developed 


with  the  argon  ion  laser  because  it  produces  a  visible 
light  that  can  be  directed  through  an  optical  fiber.  The 
visible  light  allowed  us  to  be  certain  of  the  dh  action  of 
the  laser  beam  and  the  optical  fiber  allowed  precise 
control  of  the  beam  for  dissection.  In  arteriosclerotic 
rabbit  aortas,  the  argon  ion  technique  produces  a  better 
endarterectomy  than  the  conventional  surgical  tech¬ 
nique  because  the  end  points  can  be  welded  for  an  even 
transition."  Because  consistently  good  results  have  been 
obtained  with  argon  ion  laser  endarterectomy,  it  has 
become  our  standard  for  evaluating  lasers  for  intravas¬ 
cular  use. 

Argon  ion  laser  energy  was  well  absorbed  by  arterio¬ 
sclerotic  rabbit  aortas,  and  there  was  a  predictable  level 
of  plaque  penetration.  The  endarterectorr  arfaces 
were  all  in  the  proper  cleavage  plane,  they  we.  r  smooth, 
and  there  was  no  thermal  damage.  The  end  points 
showed  an  even  transition  from  surface  to  imima  with 
mild  thermal  changes  and  no  perforations.  The  Nd- 
YAG  surfaces  were  uneven  and  usually  within  the 
wrong  cleavage  plane.  There  was  extensive  thermal 
injury  along  the  endarterectomy  surface  and  perforation 
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'I  most  of  the  end  points.  The  les  cl  of  plaque  penetration 
a  as  unpredictable  and  power  levels  had  to  be  chanced 
frequently  during  the  experiments  10  penetrate  athero¬ 
mas  As  a  result,  very  high  energy  levels  'a ore  necessary 
to  perform  Nd-VAG  iaser  endarterectomy.  Carbon 
dioxide  iaser  energy  was  very  well  absorbed  by  arterio¬ 
sclerotic  rabbit  aortas  as  shown  by  the  very  low  energy 
necessary  to  perform  endarterectomy.  The  superior 
interaction  between  athea..ias  and  carbon  dioxide  laser 
energy  did  not  result  in  a  superior  endarterectomy 
because  the  beam  could  not  be  accurately  directed 
wiwoui  an  optical  fiber.  An  articulated  arm  may  have 
helped  to  deliver  the  carbon  dioxide  laser  beam  in  a 
steady  fashion.  We  chose  to  use  the  hand-held  carbon 
dioxide  laser  for  this  study  because  Livcsay  and  asso¬ 
ciates1’1*  have  shown  that  it  is  easy  to  manipulate  for 
endarterectomy. 

The  combination  of  predictable  energy  absorption 
and  fiberoptic  delivery  led  to  an  excellent  endarterecto¬ 
my  with  the  argon  ion  laser  The  poor  laser-atheroma 
interaction  of  the  Nd-YAG  laser  wavelength  led  to  an 
endarterectomy  that  was  uneven  and  destructive  despite 
fiberoptic  control.  The  lack  of  a  fiberoptic  delivery 
system  for  the  ca*bon  dioxide  laser  led  to  an  unsatisfac¬ 
tory  endarterectomy  despite  an  excellent  laser-atheroma 
interaction.  Livesav  and  associates1’ :*  have  modified 
this  carbon  dioxide  laser  with  a  hollow  metal  waveguide 
to  direct  the  beam  coaxially  in  coronary  arteries.  This 
limits  the  use  of  the  carbon  dioxide  laser  to  short 
distances  within  straight  arteries.  Abela,'1  Sanborn,10  and 
their  associates  have  modified  the  optical  fiber  of  the 
argon  ion  laser  with  a  metallic  tip  to  recanalize  periph¬ 
eral  arteries.  This  system  delivers  heat  only  and  elimi¬ 
nates  the  excellent  laser-atheroma  interaction  of  argon 
ion  laser  light 

Several  investigators  have  considered  CW  lasers 
unsuitable  for  intravascular  use  because  they  cause  some 
degree  of  thermal  injury.10  They  have  proposed  excim- 
er  lasers  for  the  treatment  of  arteriosclerosis.  This 
proposal  is  based  on  in  vitro  studies,  however,  because 
there  are  no  data  available  on  the  effects  of  excimer 
lasers  on  arteriosclerotic  arteries  in  vivo.  Additionally 
there  are  no  clinically  available  excimer  lasers  and  there 
are  significant  problems  to  be  overcome  such  as  reliable 
optical  fibers,  toxic  emission  products,  and  the  potential 
mutagenicity  of  ultraviolet  light.  Our  data  show  that 
CW  argon  ion  laser  light  can  ablate  atheroma  without 
inju*y  as  long  as  low  power  is  used  in  a  carefully 
controlled  fashion  (open  laser  endarterectomy).  Arterio¬ 
sclerotic  rabbit  aortas  resemble  arteriosclerotic  human 
coronary  arteries  in  size  (average  diameter  1.5  mm)  and 
texture  (delicate,  thin-walled)  although  rabbit  arterio- 
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■-cleruM.s  is  generally  not  .is  w. ere  .is  human  jnenoscle- 
rer»is.  Therefore,  our  data  may  rcprcsc.'.t  the  clinical 
response  of  human  coronary  arur-.  disease  to  laser 
radiation.  On  the  basis  of  the  consistently  g.vd  results  of 
argon  ion  bser  endarterectomy  in  the  rabbit  arterioscle¬ 
rosis  model.  *e  recommend  the  argon  ion  laser  for  d.  xci 
laser  radiation  of  atheromas  in  clinical  trials 

We  wish  to  thank  Jeffres  J  Andrews.  B  A  .  Allison  Oliva. 
BS.  Ron  G  Tidwel!.  BS.  and  William  Wright.  B 5s .  for 
technical  assistance.  Howard  G  Tusker.  Ph.D  .  and  Arline 
Njlunishi.  Mis.,  (or  statistical  omsuItJUun.  jnd  Munan 
Berman  for  original  drawings.  R  L.  Maxwell  prepared  the 
manuscript. 
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Discussion 

DR.  JAMES  J.  LI  VESA  Y 

Hottuoti.  Ttxas 

Dr.  Eugene  and  his  co-authors  have  shown  convincingly 
that  CW  lasers  have  thermal  effects  remote  from  the  sue  of 
tissue  ablation.  We  have  also  studied  laser  effects  in  animals  as 
well  as  human  cadaveric  arteries. 

The  argon  laser  delivered  to  the  human  aorta  with  2  W  over 
10  seconds  causes  vaporization  or  cutting  of  the  plaque, 
resulting  in  a  central  crater.  There  is  considerable  thermal 
damage  with  vacuolization  remote  from  the  crater  in  the 
surrounding  arterial  wall.  Undesirable  thermal  damage  to  the 
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artery  ts  produced  with  this  method  ol"  laser  application.  This 
undesirable  effect  can  be  eliminated  by  using  lasers  with 
higher  tissue  absorption,  such  as  the  carbon  dioxide  laser  or  the 
cxcimcr  laser.  A  sharp,  clean  cut  ean  be  made  in  the  arterial 
plaque  by  using  a  laser  with  characteristics  ol"  low  penetrance 
and  high  absorption. 

We  have  initiated  the  lirst  United  States  clinical  trial  using 
the  laser  as  an  adjunct  for  coronary  endarterectomy  in  a  study 
approved  by  the  Food  and  Drug  Administration  To  date.  »c 
have  operated  on  12  patients  and  have  relieved  arterial  stenosis 
in  25  of  26  coronary  arteries  with  the  laser.  Postoperative 
angiography  has  demonstrated  patency  in  95%  of  bypass 
grafts,  93%  of  bypassed  arteries,  and  76%  of  laser-treated 
arteries.  The  present  limitations  of  this  technology  appear  to  be 
the  need  for  better  guidance  systems  and  prevention  of 
thrombosis  in  small  vessels  after  endarterectomy. 

Dr.  Eugene,  do  you  agree  that  the  ideal  laser  far  endarter¬ 
ectomy  should  cause  a  localized  ablation  of  plaque?  Second, 
do  you  believe  the  high  incidence  of  perforation  observed  in 
your  study  oould  be  related  to  the  lack  of  guidance  or  control 
with.your  method  of  laser  delivery? 

DR.  EUGENE  I  Closing) 

I  wish  to  thank  Dr.  Livesay  for  his  comments  and  I  wish  to 
congratulate  him  on  the  line  results  that  he  has  thus  far 
achieved  in  his  clinical  evaluation  of  laser  endarterectomy. 

Dr.  Livesay,  I  think  the  perforations  that  occurred  in  our 
senes- of  experiments  were  truly  due  to  the  las  'r-athcroma 
interaction.  The  operative  procedure  was  standardized,  the 
animal  models  were  standardized,  and  we  have  ct  tsiderable 
experience  with  performing  this  operation. 

We  believe  the  only  variable  that  we  were  evaluating  was 
the  particular  wavelength  of  the  laser  and  that  we  were 
actually  evaluating  the  lasers  to  determine  the  most  appropri¬ 
ate  laser-atheroma  interaction. 

In  terms  of  a  more  precise  guidance  system,  I  think  it  is  true 
that  we  do  need  something  better,  and  new  advances  arc  being 
made  in  the  technology.  We  can  probably  improve  on  laser 
endarterectomy,  for  example,  by  using  sapphire  crystals  The 
new  guidance  systems  will  probably  <-equiie  additional  technol¬ 
ogy,  and  I  do  not  k  jw  when  that  technology  will  become 
available. 

The  purpose  of  this  study  was  to  utilize  available  equipment, 
something  that  we  have  ready  in  any  operating  room  right 
now.  I  would  leave  the  new  technological  developments  for 
another  study. 
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Mechanism  of  Tumor  Destruction  Following 
Photodynamic  Therapy  With  Hematoporphyrin 
Derivative,  Chlorin,  and  Phthalocyanine 

J.  Stuart  Nelson/  Lih-Huei  Liaw,  Arie  Orenstein, 

W.  Gregory  Roberts ,  Michael  W.  Bems 


The  effect  of  photodynamic  therapy  on  the  tumor  microvas¬ 
culature  in  the  first  few  hours  after  treatment  was  studied  at 
the  light  and  electron  microscopy  levels.  BALB/c  mice  with 
EMT-6  tumor  received  ip  injections  of  hematoporphyrin 
derivative,  chlorin,  or  phthalocyanine,  and  24  hours  later, 
the  tumors  were  treated  with  light  at  100  J/cm2  at  the  ap¬ 
propriate  therapeutic  wavelength  for  each  photosensitizer. 
Animals  were  lulled  and  their  tumors  removed  at  time  0,  30 
minutes,  1  hour,  and  2,  4,  6,  8.  12,  16,  and  24  hours  after 
treatment.  The  results  indicate  that  for  all  three  sensitizers 
the  effects  of  photodynamic  therapy  leading  to  rapid  necro¬ 
sis  of  tumor  tissue  are  not  the  result  of  direct  tumor  cell 
kill  but  are  secondary  to  destruction  of  the  tumor  microvas¬ 
culature.  The  first  observable  signs  of  destruction  occur  in 
the  subendotheliai  zone  of  the  tumor  capillary  wall.  This 
zone,  composed  of  dense  collagen  fibers  and  other  connec¬ 
tive  tissue  elements,  is  destroyed  in  the  first  few  hours  af¬ 
ter  phototherapy.  However,  the  ultrastructural  changes  seen 
in  this  zone  are  different  for  the  hematoporphyrin  deriva¬ 
tive,  compared  with  chlorin  and  phthalocyanine.  Binding  of 
photosensitizers  to  the  elements  in  this  zone  as  well  as  al¬ 
tered  permeability  and  transpor*  through  the  endothelial 
cell  layer  because  of  the  increased  intraluminal  pressure 
may  be  key  features  of  tumor  destruction.  [J  Natl  Cancer 
Inst  1988;80:1599-1605] 


During  the  past  several  years,  many  photosensitizing  por¬ 
phyrins  have  been  shown  to  be  retained  selectively  in  rapidly 
growing,  solid  tumors  in  humans  and  other  mammals  ( I ). 
The  action  of  these  photosensitizers  is  to  absorb  photons  of 
the  appropriate  wavelength  sufficient  to  elevate  the  sensitizer 
to  an  excited  state.  The  excited  photosensitizer  subsequently 
reacts  with  -  molecular  substrate,  such  as  oxygen,  to  pro¬ 
duce  singlet  oxygen,  which  causes  irreversible  oxidation  of 
some  essential  cellular  component  1 2).  Uncertainty  arises  as 


to  the  exact  cellular  targets  of  these  excited  intermediates, 
although  damage  to  the  cell  membrane  (3).  mitochondria 
(4),  lysosomes  (5).  and  the  nuclear  material  <6>  have  been 
reported. 

Shortly  after  treatment,  the  tumor  becomes  necrotic  (usu¬ 
ally  within  24  hr),  and  when  effectively  treated,  the  tumor 
becomes  a  nonpalpable  scab  that  is  usually  sloughed  within 
a  few  days.  A  wide  variety  of  tumors  with  vary  ing  histologic 
types  have  been  treated  with  photodynamic  therapy  (PDT) 
including  cancers  of  the  skin  (7),  female  genital  tract  (S). 
esophagus  (9).  lung  {10).  bladder  < ID.  eye  ( 12).  and  breast 
(13),  and  head  and  neck  squamous  cell  carcinomas  <!4). 
Treatment  parameters  have  been  refined  such  that  therapy 
can  be  undertaken  with  a  reasonable  expectation  of  good  re¬ 
sults  in  both  animal  and  human  trials.  Although  PDT  can 
be  used  to  eradicate  relatively  large  tumors,  it  appears  es¬ 
pecially  advantageous  to  the  patient  with  superficial  early 
disease  or  early  recurrence.  In  addition,  previous  surgery,  ra¬ 
diation  therapy,  or  chemotherapy  does  not  preclude  the  use 
of  PDT.  and  many  of  the  clinical  studies  reported  to  date 
h  <ve  been  on  patients  who  have  not  benefited  from  some  or 
all  other  forms  of  therapy. 
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Despite  these  positive  attributes,  some  of  the  fundamen¬ 
tal  mechanisms  involved  in  this  unique  application  of  pho¬ 
tochemotherapy  remain  incompletely  understood.  For  exam¬ 
ple.  it  is  still  not  known  whether  tumor  destruction  is  a  result 
of  actual  PDT  phototoxic  effects  on  the  proliferating  tumor 
cell  or,  as  has  been  recently  suggested,  the  result  of  damage 
produced  to  some  other  tumor  elements,  such  as  the  mi- 
cruvasculaturc  (15).  Apparent  internal  hemorrhage  and  red 
cell  extravasation  are  common  findings  after  PDT.  not  only 
in  most  experimental  animal  tumors  but  in  tumors  in  patients 
as  well.  With  this  in  mind,  our  objective  in  this  study  was  to 
examine  the  ultrastructural  effects  of  several  photosensitiz¬ 
es  on  the  tumor  microvasculature  during  the  first  few  hours 
after  phototherapy.  We  hope  that  this  type  of  study  will  help 
elucidate  the  complex  role  of  the  tumor  vasculature  in  PDT 
as  well  as  provide  a  basic  understanding  of  the  mechanism 
of  phototoxicity  of  potential  new  photosensitizers. 

Materials  and  Methods 

Animal  and  Tumor  System 

The  EMT-6  experimental  mammary  tumor  arising  in  the 
flanks  of  BALB/c  mice  was  used.  All  mice  were  6-8  weeks 
old  and  weighed  between  30  and  35  g  at  the  time  of  treat¬ 
ment.  When  the  tumors  attained  a  size  of  1-2  cm  in  di¬ 
ameter,  they  were  excised  and  minced  with  fine  scissors  in 
phosphate-buffered  saline  (PBS).  This  resulting  suspension  of 
tumor  cells  was  filtered  through  sterile  gauze,  washed  twice 
in  PBS,  and  then  resuspended  in  RPM1  media  (G1BCO, 
Grand  Island,  NY)  at  a  concentration  of  5  X  105  viable 
cells/mL.  Viability  of  the  cells  was  assessed  by  their  abil¬ 
ity  to  resist  lysis  and  exclude  Trypan  Blue  dye  (GIBCO).  We 
initiated  the  tumors  by  injecting  0.1  mL  of  fresh  tumor  in¬ 
oculum  into  the  right  flank  of  mice.  The  mouse  tumors  were 
generally  palpable  at  5  days  and  reached  a  size  of  5-7  mm 
by  10-14  days  at  which  time  we  started  the  treatment.  At 
this  size,  the  small  tumors  were  homogeneously  white,  with 
spontaneous  tumor  necrosis  minimal  or  absent. 

Photosensitizers 

For  all  photosensitizers,  a  drug  dose  was  chosen  that  would 
ensure  complete  tumor  kill  in  all  animals  tested. 

Photofrin  II  [(DHE);  Photomedica,  Inc.,  Raritan,  NJ|  was 
obtained  as  an  aqueous  solution  at  a  concentration  of  2.5 
mg/mL  and  stored  in  the  dark  at  —70  °C  until  used.  For 
in  vivo  experiments,  DHE  was  diluted  1:4  with  0.9 %  NaCl 
solution  and  injected  ip  in  doses  equal  to  10  mg/ kg  body 
weight  (16). 

Mono-L-aspartyl  chlorin  e^  (MACE)  was  received  as  a 
dark  green  powder,  reconstituted  in  Dulbecco’s  PBS  to  a  final 
concentration  of  2.5  mg/mL  and  stored  in  the  dark  at  —70 
®C  until  used  (17).  Prior  to  injection,  MACE  was  diluted  1:4 
with  0.9%  saline  solution  and  injected  ip  in  doses  equal  to 
10  mg/kg  body  weight  (18). 

Chloroaluminum  suifonated  phthalocyanine  [(CASPc); 
Ciba-Geigy  Corp..  Basel,  Switzerland]  was  provided  as  a 
300-mg/mL  sample  in  water.  It  was  diluted  in  Dulbecco's 
PBS  to  a  final  concentration  of  2.5  mg/mL  and  stored  in  the 


dark  at  —70  °C  until  used  Prior  to  injection.  CASPc  was  di¬ 
luted  1:4  with  0.9rf  saline  solution  and  then  given  ip  in  doses 
equal  to  I  mg/ kg  body  wetgni. 

Experimental  Procedure 

When  the  tumors  reached  the  appropriate  size  of  5-7  mm. 
the  animals  were  shaved  in  the  tumor  area  and  given  ip  injec¬ 
tions  of  the  photosensitizer,  the  remainder  of  the  experiment 
was  done  in  the  dark,  including  housing  of  the  animals.  Con¬ 
trol  tumor-bearing  animals  received  light  without  photosen¬ 
sitizer  and  photosensitizer  without  light.  Twenty-four  hours 
after  the  injections,  the  animals  were  treated  with  a  laser 
light  delivery  system.  The  mice  were  anesthetized  with  ke¬ 
tamine  hydrochloride  (Parke-Davis,  Morris  Plains,  NJ)  and 
covered  w*th  a  metal  shield  with  a  circular  hole  expos¬ 
ing  the  tumor.  Animals  were  killed  with  Halothane  /Halo- 
carbon  Laboratories.  Inc..  Hackensack.  NJ)  at  time  0.  30 
minutes.  1  hour,  anu  2.  4,  o,  8,  12.  16.  and  24  hours  af¬ 
ter  exposure  to  the  laser  light.  Tissue  was  excised  immedi¬ 
ately  and  placed  in  Kamovsky’s  fixative  (2%  paraformalde¬ 
hyde;  3%  glutaraldehyde).  refrigerated  overnight  at  4  °C. 
and  subsequently  transferred  to  0.1  \l  cacodvlate  buffer  un¬ 
til  electron  microscopy  embedding  was  performed.  The  tis¬ 
sue  was  postfixed  in  1%  osmium  tetroxide  in  0.1  M  ca- 
cedylate  buffer  for  l  hour  at  room  temperature  (18  °C  - 
20  °C).  Tissue  was  then  rinsed  with  double  distilled  water 
and  stained  en  bloc  for  2  hours  in  Kellenberger's  uranylac- 
etate.  Dehydration  was  done  with  progressive  ethanol-water 
in  10-minutc  steps  (30%.  50%,  70%,  90%.  100%,  100%) 
and  progressive  ethanol-propyleneoxide  also  in  10- minute 
steps.  Infiltration  was  started  with  propyleneoxide-Epon  812 
substitute  [Poly/Bed  812  Embedding  Media  (Polysciences 
Inc.,  Warrington.  PA)]  in  steps  of  30  minutes  each  (30%. 
50%),  overnight  (70%),  and  60  minutes  (100%).  T!.'  mold 
was  embedded,  placed  at  37  °C  overnight,  and  then  at  60  °C 
in  a  vacuum  oven  for  48  hours.  The  blocks  were  tnmmed. 
sectioned  (500  nm),  and  stained  for  light  microscopy  with 
Richardson's  stain.  The  thin-sectioned  (60  nm)  blocks  were 
subsequently  examined  with  a  Jeol  I00C  electron  micro¬ 
scope  at  80  kV. 

Laser  Light  Delivery  System 

Laser  irradiations  were  performed  with  a  770DL  argon 
pumped  dye  laser  system  (Cooper  Lasersonics.  Santa  Clara, 
CA)  and  DCM  Premixed  Laser  Dye  (Cooper  Lasersonics) 
with  a  tuning  range  of  610-690  nm.  The  dye  laser  was  tuned 
to  emit  radiation  at  630  nm  for  DHE,  664  nm  for  MACE, 
and  675  nm  for  CASPc.  We  verified  the  wavelength  to  r 
1  nm  by  using  a  #5/354  UV  monochromator  (Jobin  Yvon. 
Longjuneau.  France).  The  radiation  was  then  transferred  with 
a  Model  316  fiber  optic  coupler  into  a  400-/am  fused,  silica 
fiber  optic  (Spectra- Physics.  Mountain  View,  CA).  We  ter¬ 
minated  the  output  end  of  the  fiber  with  a  microlens  that 
focused  the  laser  radiation  into  a  circular  field  of  uniform 
light  intensity.  The  laser  irradiation  that  emanated  from  the 
fiber  was  monitored  with  a  Coherent  Model  210  power  me¬ 
ter  before,  during,  and  after  treatment. 

Mice  were  then  placed  underneath  an  aperture  that  con¬ 
trolled  the  area  of  light  illumination  on  the  tumor  site;  the 
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area  of  illumi.ianon  was  I  cm*.  Total  laser  energy  density. 
100  J<cni:.  had  a  power  density  of  100  mW/cm*. 

Results 

light  Microscopy 

Control  (either  light  or  drug  alone)  slides  showed  the  usual 
tumor  architecture  with  multiple  mitotic  figures  and  eas¬ 
ily  discernible  vessels.  At  30  minutes  after  PDT.  no  sig¬ 
nificant  structural  changes  were  noted  from  the  control.  At 
I  hour  afterward,  the  first  structural  change  observed  with 
all  photosensitizcn  tested  was  the  increased  diameter  of  the 
tumor  capillary  lumen  compared  with  controls.  Of  particu¬ 
lar  interest  was  the  large  diameter  (swelling)  of  the  erythro¬ 
cytes  in  the  swollen  vessels.  This  conclusion  was  based  on 
the  histopathologic  examination  of  all  sections  and  tumors 
and  was  not  attributable  to  the  way  a  particular  section  was 
cut.  At  2  hours,  the  capillaries  were  further  engorged,  and, 
over  time,  the  capillary  wall  broke  down  with  extravasa¬ 
tion  of  erythrocytes  into  the  surrounding  perivascular  tumor 
stroma  with  the  tumor  ultimately  becoming  completely  hem¬ 
orrhagic.  This  observation  was  made  for  all  photosensitizers 
tested  (fig.  1). 

Electron  Microscopy 

Control  ultrathin  sections  showed  normal  tumor  microvas¬ 
culature  with  the  subendothelial  zone  densely  packed  with 
large  amounts  of  collagen,  elastic  and  reticular  fibers,  and 
background  connective  tissue  elements,  especially  proteogly¬ 
cans  (fig.  2).  Generally,  the  lumen  of  each  tumor  capillary 
was  surrounded  by  three  to  four  endothelial  cells  in  junctional 
contact  with  each  other.  The  tumor  cells  in  the  surrounding 
perivascular  tumor  stroma  appeared  structurally  intact  with 
large  numbers  of  mitochondria,  endoplasmic  reticulum,  and 
ribosomes.  At  30  minutes  after  completion  of  PDT,  there 
were  no  significant  structural  changes  from  controls  noted 
in  the  microvasculature  or  the  tumor  cells. 


Ftn»re  t.  Photomicrograph  of  EMT-6  tumor  removed  4  hr  after  treatment 
with  photosensuiier  and  light  at  total  dote  of  100  J/cm!  Note  evidence  of 
•Mnwvruation  ,,f  erythrocytes  into  the  ium>unu,ng  perivascular  tumor  stroma 
'arrows).  Onginallv:  x700 


Figure  Z.  Photomicrographs  of  control  tumor  (no  photosensuiier.  no  light) 
showing  normal  tumor  tmcrovasculature  (A)  with  the  subendothelial  rone 
(arrows)  densely  packed  with  large  amounts  of  collagen,  elastic  and  retic¬ 
ular  fibers,  and  background  connective  tissue  elements  fBV  Onginallv  A. 

*6. 000;  B.  >08.100 


One  hour  after  completion  of  PDT  with  MACE  (fig.  3) 
and  CASPc  (fig.  4),  injury  to  the  subendothelial  zone  of 
(he  capillary  wall  was  characterized  by  considerable  edema 
and  fragmentation  of  the  collagen  and  fiber  elements.  The 
endothelial  cells  lining  the  capillary  wall  appeared  elongated 
and  flat  compared  with  our  controls  with  smooth  luminal  and 
abluminal  surfaces  but  were  otherwise  structurally  normal 
The  nuclei  had  the  typical  chromatin  condensation  along  the 
nuclear  envelope,  normal  rough  endoplasmic  reticulum,  and 
membrane-bound  Ivsosomes  were  evident  in  the  cytoplasm. 
Erythrocyte  swelling  described  above  was  also  seen  By  2 
hours  post  PDT.  the  background  substance  was  essentially 
absent,  and  only  a  few  fragmented  collagen  fibers  remained 
in  the  subendothelial  zone  in  the  MACE-  and  CASPc-treated 
tumors  (fig.  5). 

One  hour  after  completion  of  PDT  with  DHE.  some  of  the 
ultrastructurai  changes  in  the  subendothelial  zone  were  sink 
inglv  different  from  those  observed  in  tumors  treated  with 
MACE  or  CASPc.  A:  l  hour  post  PDT,  the  subendothe¬ 
lial  zone  was  more  darkly  stained,  and  individual  collagen 
fibers  were  no  longer  clearly  distinguished  (fig.  fc>  However. 
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Figure  3.  Photomicrographs  of  tumor  removed  1  hr  after  treatment  with 
MACE  and  light  Note  in  the  subendothclia!  zone  (arrows)  the  formation  of 
considerable  edema  (A)  and  fragmentation  of  the  collagen  and  other  fiber 
elements  (B).  Originally;  A.  X 9,000;  B.  X 26,600. 


as  with  the  MACE-  and  CASPc-treated  tumors,  the  vessels 
were  swollen,  erythrocytes  were  enlarged,  and  considerable 
edema  was  observed  in  the  subendothelial  zone.  At  2  hours 
after  treatment,  the  background  substance  in  the  subendothe¬ 
lial  zone  was  essentially  destroyed  and  replaced  by  edema, 
but  numerous  clusters  still  contained  large  amounts  of  fibers 
and  fibrin  that  appeared  to  have  coalesced.  Furthermore,  de¬ 
lineation  of  the  characteristic  periodicity  and  banding  pattern 
of  collagen  fibers  was  difficult  (fig.  7). 

Beyond  2  hours  posttreatment,  the  subendothelial  zone 
was  completely  disrupted,  although  there  was  still  some  ev¬ 
idence  of  fibrin.  Erythrocytes  and  plasma  proteins  were  ex- 
travasated  into  the  subendothelial  zone  and  subsequently  into 
the  region  of  the  tumor  cells  immediately  adjacent  to  the  mi¬ 
crovasculature  with  the  three  photosensitizers  tested  (fig.  8). 
Tumor  cells  closer  to  the  hemorrhage  showed  more  signs 
of  cell  membrane  damage  and  lysis.  However,  tumor  cells 
distant  from  the  microvasculature  in  the  center  of  the  tu¬ 
mor  appeared  to  have  their  cell  membranes  structurally  in¬ 
tact  even  4  hours  after  PDT.  In  those  cells,  dispersion  of  the 
heterochromatin  around  the  nuclear  envelope  was  apparent 
as  well  as  some  increase  in  the  number  of  cytoplasmic  vac¬ 
uoles  (fig.  9).  Beyond  4  hours,  the  amount  of  hemorrhage 


increased  »ith  the  entire  tumor  ultimately  becoming  a  sea 
of  erythrocytes  and  amorphous  granular  debris. 

Discussion 

Although  most  investigators  to  date  have  focused  their  re¬ 
search  on  understanding  the  biochemistry,  biophysics,  and 
molecular  biology  of  PDT  on  cancer  cells  in  vitro,  less  at¬ 
tention  has  been  paid  to  the  in  vivo  tumor  environment  where 
the  photochemistry  leading  to  tumor  necrosis  occurs.  How¬ 
ever,  it  is  apparent  that  the  exact  mechanism  of  PDT  pho¬ 
totoxicity  in  vivo  will  have  to  be  explained  by  the  anatomy, 
physiology,  and  biochemistry  of  the  whole  tumor  rather  than 
on  the  basis  of  some  special  characteristic  of  malignant  tu¬ 
mor  cells.  Once  a  molecule  used  for  cancer  detection  or  treat¬ 
ment  is  injected  into  the  bloodstream,  it  must  first  be  dis¬ 
tributed  throughout  the  vascular  space.  Because  no  molecule 
can  reach  tumor  cells  from  the  blood  without  passing  through 
the  microvascular  wall,  it  seems  reasonable  that  investigators 
should  attempt  to  learn  more  about  the  role  that  this  com¬ 
partment  plays  in  PDT. 

Some  progress  has  been  made  recently  in  our  understand¬ 
ing  how  the  microvasculature  may  be  involved  in  the  events 
leading  to  tumor  necrosis.  Several  investigators  [19.20)  have 


Figure  4.  Photomicrograph,  of  tumor  rerr.r-id  '.  hr  after  treatment  with 
CASPc  and  light  Note  in  (he  subendothelial  zone  (arrows)  the  formation  of 
considerable  edema  (A)  and  fragmentation  of  the  collaeen  and  other  fibers 
(B)  Originally:  A.  <15.000.  B.  '< 26.600 
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Fij art  S.  Phoromkrogrjph  of  tumor  removed  2  hr  after  treatment  with 
MACE  and  light  Background  iubsunce  w«  essentially  absent  and  only 
a  few  fragmented  collagen  fibers  remained  in  the  subcndothcliai  zone  (ar¬ 
rows).  Originally.  X24.400. 


shown  that  within  a  few  minutes  of  light  exposure,  the  sig¬ 
nificant  decrease  in  the  rate  of  blood  flow  through  tumors 
is  followed  shortly  thereafter  by  complete  cessation.  In  ad¬ 
dition,  researchers  in  another  study,  using  tumor  cell  cloni- 
genicity  following  PDT  to  assess  in  vitro  colony  formation, 
found  that  it  was  unaffected  by  PDT  if  the  tumor  tissue  was 
excised  and  expianted  immediately.  If.  however,  tumor  cells 
were  left  in  situ  following  PDT  for  varying  periods,  tumor 
cell  death  occurred  rapidly  and  progressively  as  assayed  by 
clonigenicity  (21).  Taken  together,  all  these  experiments  sug¬ 
gest  that  the  vascular  compartment  represents  an  important 
target  for  PDT  and  that  more  detailed  studies  should  be  un¬ 
dertaken. 

Our  objective  in  this  study  was  to  determine  the  ultrastruc- 
tural  changes  seen  in  the  tumor  microvasculature  in  vivo  in 
the  first  few  hours  after  PDT.  Clearly,  many  physiologic  pa- 


Fi*urt  4.  Photomicrograph  of  tumor  removed  I  hr  after  trei’ment  with 
DHE  and  light  Note  the  presence  of  large  numbers  ol  dense  dark  staining 
clumps  of  fibers  in  the  subendothelial  zone  (arrows).  Individual  collagen 
fibers  were  no  longer  clearly  distinguished.  Originally:  X2S.V00. 


Figure  7.  Photomicrograph  of  tumor  removed  2  hr  after  treatment  with 
DHE  and  light.  Background  sabtunce  in  the  subendothelial  zone  was  es¬ 
sentially  destroyed  and  replaced  by  edema,  but  note  the  presence  of  numer¬ 
ous  dusters  of  fibers  and  fibres  that  appeared  to  have  coalesced  (arrows). 
Furthermore,  delineation  of  charectenssic  periodicity  and  banding  pattern 
of  collagen  fibers  was  difficult  Originally',  x  13.000. 

rameters  of  blood  vessels,  such  as  blood  flow,  pH,  oxygen 
tension,  temperature,  and  serum  content,  will  be  important. 
However,  our  study  demonstrates  that  the  first  observable 
signs  of  destruction  occur  in  the  subendothelial  zone  of  the 
tumor  capillary  walL  Blood  vessels  contain  endothelial  cells 
that  are  surrounded  by  a  basement  membrane,  which  may 
be  damaged  or  missing  in  tumors  (22).  Adjacent  to  this  is 
3  subendothelial  or  interstitial  compartment  bounded  by  the 
basement  membrane  on  one  side  and  by  the  membranes  of 
tumor  cells  on  the  other.  Similar  to  normal  blood  vessels, 
the  subendothelial  zone  of  tumor  vessels  is  composed  pre¬ 
dominantly  of  a  dense  collagen,  elastic,  and  reticular  fiber 
network.  Interspersed  within  this  cross-linked  structure  are 
the  macromolecular  polysaccharide  constituents  (proteogly¬ 
cans  and  hyaluronate)  that  form  a  gellike  background  sub¬ 
stance  (2J).  This  zone,  which  maintains  the  structural  in- 


Figure  I.  Photomicrograph  of  tumor  removed  2  hr  liter  treatment  with 
CASPc  and  light.  Subendothetui  zone  » arrow cosr.pietels  disrupted, 
although  there  was  stdl  some  evidence  «»t  fibrin,  with  extravasation  ■>[  red 
blood  cells  irbcl  into  this  area.  Tumor  cells  <n  closer  it)  this  Hemorrhage 
show  *d  ,m>re  gns  «»;  „U  membrane  damage  Ongtnaily 
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Figure  9.  Photomicrographs  of  control  tumor  (A)  and  tumor  removed.4  hr 
after  treatment  with  MACE  and  light  (8).  Treated  tumor  cells  distant  from 
the  microvasculature  in  the  center  of  the  tumor  have  their  cell  membranes 
structurally  intact  Some  dispersion  of  the  hematochromatin  can  be  seen 
around  the  nuclear  envelope  as  well  as  some  increase  in  the  number  of 
cytoplasmic  vacuoles  (B).  Originally:  A,  X3.600:  B.  X6.000. 


tegrity  of  the  tumor  capillary  wall,  was  destroyed  within  the 
first  2  hours  after  phototherapy  with  all  three  photosensitizers 
tested.  We  did  note  many  normal  appearing  endothelial  cells 
in  areas  where  there  was  significant  damage  to  the  fibers 
in  the  subendotheiial  zone.  The  normal  ultrastructure  of  the 
endothelial  cells  was  surprising  because  these  cells  were  sus¬ 
pected  of  being  primary  target  sites  of  the  dye-sensitized 
photodynamic  reaction.  However,  the  fact  that  no  structural 
alteration  of  the  endothelial  cells  was  observed  does  not 
mean  that  their  membrane  permeability  or  junctional  con¬ 
tacts  were  unaffected.  In  fact,  their  unusually  flattened  and 
elongated  appearance  as  soon  as  l  hour  after  PDT  (undoubt¬ 
edly  caused  by  swollen  erythrocytes)  could  have  resulted  in 
membrane  stretching  and  altered  junctional  contacts.  This 
phase  was  followed  shortly  by  edema  in  the  subendotheiial 
zone  and.  ultimately,  diffuse  hemorrhage  into  the  surround¬ 
ing  perivascular  stroma.  Initially,  tumor  cells  located  away 
from  the  microvasculature  appeared  structurally  intact  after 
PDT.  Over  time,  all  tumor  ceils  were  ultimately  destroyed 
as  a  consequence  of  hemorrnage,  activation  of  intravascu¬ 
lar  component  such  as  complement,  or  hypoxia  secondary  lo 
vascular  collapse. 


Why  is  the  subendotheiial  zone  of  the  tumor  microvascu¬ 
lature  so  important  to  successful  PDT?  Part  of  the  answer 
may  come  from  in  vitro  and  in  vivo  studies  that  have  shown 
that  a  stabilized  polysaccharide  network  (proteoglycans  and 
hyaluronate)  enmeshed  in  collagen  fibers  offers  considerable 
resistance  to  interstitial  transport  (24, 25).  Although  the  insol¬ 
uble.  collagen  fibrous  proteins  impart  structural  integrity  to 
a  tissue,  the  polysaccharides  are  thought  to  govern  the  mass 
transfer  characteristics  of  the  tissue  due  to  their  high-charge 
density.  The  biologic  and  physicochemical  properties  of  this 
zone  combined  may  retard  the  movement  of  photosensitizing 
compounds  from  the  vascular  space  into  the  tumor  cells.  That 
the  tumor  collagen  is  produced  by  the  host  and  its  synthesis  is 
governed  by  the  tumor  cells  are  particularly  noteworthy  (26). 
If  tumor  growth  depends  on  collagen  production  to  the  ex¬ 
tent  that  it  depends  on  neovascularization,  this  characteristic 
of  tumors  may  be  exploited  in  arresting  such  growth.  Tu¬ 
mor  collagen  fibers  also  resemble  the  types  of  fibers  seen  in 
embryonic  tissue  and  in  wounds  during  healing.  That  these 
fibers,  recently  made  in  the  neovascularization  of  tumors, 
would  not  be  as  highly  cross-linked  as  those  found  in  more 
mature  tissues  is  to  be  expected.  Furthermore,  one  study  ( 2  7) 
has  shown  that  newly  formed  collagen  and  perhaps  elastin 
and  fibrin  as  well  have  a  substantially  greater  binding  ca¬ 
pacity  for  porphyrins  than  does  mature  collagen  and  may 
constitute  potentially  important  binding  sites  for  porphyrin 
localization  and  retention. 

The  reason  for  the  different  ultrastructural  changes  seen 
with  DHE  as  opposed  to  MACE  and  CASPc  is  less  clear, 
but  some  possible  explanations  are  proposed.  Due  to  the  in¬ 
ternal  structure  of  collagen  (a  cylindrical  molecule  composed 
of  three  chains  coiled  in  a  ropelike  fashion  to  form  a  triple 
helix),  fibers  will  have  space  within  them  that  is  probably 
accessible  to  small  molecules  and  ions.  DHE  is  highly  hy¬ 
drophobic  and  tends  to  aggregate  into  large  molecules  of 
200-300  components.  MACE  and  CASPc  are  hydrophilic, 
smaller  molecules  that  may  be  able,  on  the  basis  of  size,  to 
become  intercalated  inside  the  coiled  collagen  helix.  Such 
action  could  lead  to  the  breakdown  and  fragmentation  of 
the  collagen  fibers  from  the  inside  as  we  saw  in  this  exper¬ 
iment.  DHE  may  be  confined  to  the  outside  of  the  collagen 
fiber  leading  to  the  coalescence  of  targe  clumps  of  colla¬ 
gen  fibers  seen  on  examination  with  electron  microscopy. 
Additionally,  collagen  contains  three  specific  amino  acids 
(glycine,  hydroxylysine,  and  hydroxyproline)  that  may  inter¬ 
act  with  the  available  carboxy  groups  on  MACE  and  the 
sulfonated  groups  on  CASPc.  These  biologic  and  physico¬ 
chemical  characteristics  could  explain  the  ultrastructural  dif¬ 
ferences  observed  for  the  different  photosensitizers.  Further 
research  in  this  area  is  needed. 

In  conclusion,  the  present  study  suggests  that  the  effects 
of  PDT  leading  to  rapid  tumor  necrosis  with  DHE,  MACE, 
and  CASPc  are  not  the  result  of  direct  tumor  cell  kill  but 
are  secondary  to  destruction  of  the  collagen  fibers  and  other 
connective  tissue  elements  located  in  the  subendotheiial  zone 
of  the  tumor  capillary  wall.  Binding  of  photosensitizers  to 
the  elements  in  this  zone  as  well  as  altered  permeability  and 
transport  through  the  endothelial  cell  layer  resulting  from 
erythrocyte  swelling  and  increased  intraluminal  pressure  may 
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he  kev  t'ealur:s  of  the  dye-’icnMli/ed,  photodynamic  reaction 

leading  to  tumor  destruction. 
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Phycocyanin:  Laser  Activation,  Cytotoxic 
Effects,  and  Uptake  in  Human  Atherosclerotic 

Plaque 

N.  Charle  Morcos,  mo,  PhD,  Michael  Berns,  Pho, 
and  Walter  L.  Henry,  mo,  pacc 

Department  of  Medicine,  Division  of  Cardiology  (N.C.M.,  W.L.H ),  Department  of  Surgery 
(M.B.).  and  the  Beckman  Laser  Institute  (M.9.).  University  of  California,  Irvine 

Phycocyanin  is  a  phycobiliprotein  with  peak  absorption  at  620  nm.  The 
laser  activation,  cytotoxic  effects,  and  uptake  into  atherosclerotic 
plaque  of  phycocyanin  was  studied.  Optimal  activation  was  produced 
by  argon  dye  laser  at  0.5  \V  and  a  total  energy  dose  of  500  J/cm*  at  620 
nm  and  650  nm.  irradiated  through  blood  with  a  hematocrit  of  Srr. 
Activation  was  evidenced  by  reduction  of  optical  density  by  0.5  units  at 
540  nm  caused  by  oxidation  of  the  reduced  nicotinamide  adenine  dinu¬ 
cleotide  phosphate  (XADPH)  in  a  buffered  reaction  solution  containing 
0.1  mg/ml  of  phycocyanin.  Cytotoxicity  was  evaluated  by  measuring 
viability  of  mouse  myeloma  cells  in  culture  after  incubation  with  phy¬ 
cocyanin  (0.25  mg/ml)  and  irradiated  by  500  J/cm*  at  514  nm.  After  72 
hours  post-treatment  the  cells  showed  15*7-  viability  compared  to  690 
and  71^  for  control  cells  exposed  to  laser  only  or  phycocyanin  only, 
respectively.  Atherosclerotic  artery  segments  obtained  within  5  hours 
postmortem  were  perfused  with  0.1  mg/ml  phycocyanin  in  oxygenated 
Krebs  Ringer  solution  at  50  mm  Hg  for  5  minutes  followed  by  washout 
with  phvcocyanin-free  Krebs  for  10  minutes.  Artery  sections  examined 
histologically  by  light  and  fluorescence  microscopy  showed  specific 
fluorescence  localization  within  the  plaque  particularly  at  the  elastic 
laminae  and  to  a  larger  extent  at  the  internal  elastic  lamina  but  not  in 
the  medial  muscle  layer.  In  conclusion,  phycocyanin  is  a  cytotoxic 
photosensitizer  that  exhibits  specific  binding  to  plaque  and  is  activated 
at  a  wavelength  minimally  absorbed  by  blood.  These  properties  suggest 
potential  therapeutic  use  for  plaque  localization  and  regression. 

Key  words:  laser,  photodynamic  activation,  atherosclerosis,  cytotoxicity 


INTRODUCTION 

The  use  of  photochemicais  (eg,  hematopor- 
phyrin  and  its  derivatives  [HPD|)  as  anti-cancer 
agents  has  been  under  investigation  in  humans 
and  animals  for  quite  some  time  [Dougherty  et  al. 
1975,  1978.  1979).  HPD  has  been  used  in  cancer 
treatment  with  varying  degrees  of  success.  L  is 
readily  tatven  up  and  is  retained  by  malignant 
tissue  [Auler  and  Bancer,  1942;  Figge  et  al.  1948[. 
The  drug  is  activated  by  visible  light,  and  its  cy¬ 
totoxic  effect  is  mediated  mainly  through  the  pro¬ 
duction  of  singlet  oxygen  [Kvello  et  al,  1980|. 
There  have  been  several  attempts  particularly  by 
Spears  and  colleagues  J 1983 [  to  utilize  this  ap¬ 
proach  for  clinical  applications  to  atherosclerosis. 
Speaks  et  al  |19S3|  injected  rabbits  and  monkeys 
that  had  developed  experimentally  induced 


plaques  with  HPD  and  showed  selective  fluores¬ 
cence  in  diseased  segments  of  aortas  48  hours 
later.  Kessei  and  Sykes  [19S4|  incubated  segments 
of  nonviable  atherosclerotic  human  aortas  in  me¬ 
dia  containing  HPD.  The  contents  of  the  plaque 
were  tnen  extracted  and  analyzed  by  thin-layer 
c*  omatographv  for  its  hematoporphynn  content, 
"these  authors  showed  that  plaque  possibly  con¬ 
tains  hydrophiliic  sites  that  bind  heniutopor- 
phyrin.  Pollock  et  al  |1987|  recently  snowed 
photosensitization  of  experimental  atheromas  by 


Accepted  for  publication  October  29.  I9a7 

Address  reprint  requests  •„  \  ( '  Morcos.  MD.  PhD.  Uiv;-,o-s 
of  Cardiology.  Depur-n’.eM  of  Medicine.  Unr..-r<iry  ,,i  C..i:;,i 

nta.  Irvine,  C.A  9271  ’ 


mu  Alan  R.  Liss,  Inc. 


11 


I’ll)  coo  aniu  1  plakc  in  Human  Hj<|ih- 


porphyrins.  Unlike  the  rapid  progress  of  investi¬ 
gations  for  photodynamic  therapy  in  cancer,  ad¬ 
vances  in  the  application  of  photodynamic  therapy 
for  plaque  have  been  hampered  for  many  reasons, 
which  include  1)  the  absence  of  an  animal  model 
for  plaque  that  resembles  human  atherosclerotic 
plaqae.  2)  the  apparent  slow  dynamics  and  turn¬ 
over  of  human  plaque  components,  which  necessi¬ 
tates  prolonged  observations  for  documentation  of 
therapeutic  effects,  31  the  conditions  for  delivery 
of  light  to  plaque  necessitate  a  transluminal  route 
through  blood  vessels  for  the  laser  fiber  and  light 
delivery  through  the  blood  field.  Blood  strongly 
absorbs  visible  light  in  the  absorption  range  of 
HPD  and  therefore  results  in  significant  attenua¬ 
tion  of  the  activating  light. 

In  the  study  reported  here  we  have  at¬ 
tempted  to  overcome  these  problems.  Human  ath¬ 
erosclerotic  coronary  arteries  that  were  obtained 
within  5  hours  postmortem  and  were  cannulated, 
perfused,  and  maintained  pharmacological',-  via¬ 
ble  [Morcos  et  al,  1985|  provided  a  model  in  which 
to  study  viable  human  ame.osclerotic  plaque.  We 
have  studied  a  porphyrin-like  compound,  phvco- 
cyanm.  that  is  a  phycobiliprotein  and  has  a  peak 
absorption  wavelength  of  620  nm.  which  is  at  the 
periphery  of  the  wavelength  range  for  blood  ab¬ 
sorption.  The  study  reported  here  describes  the 
photodynamic  activation,  cytotoxic  effects,  selec¬ 
tive  uptake  into  the  human  atherosclerotic  plaque, 
and  the  potential  therapeutic  value  of  phyco- 
cyanin. 

MATERIALS  AND  METHOOS 

Phycocyanin.  N’ADPH.  and  other  enzymes 
were  purchased  from  Sigma  Co.,  St  Louis. 

Measurement  ot  Phycocyanin  Activation 

Activation  of  phycocyanin  was  measured  by 
the  method  of  Boadaness  and  Chan  (1977],  Tins 
method  is  based  on  measurement  of  singlet  oxy¬ 
gen  release  in  a  solution  of  deuterium  oxide  satu¬ 
rated  with  oxygen,  which  contains  the  reduced 
form  of  nicotinamide  adenine  d. nucleotide  phos¬ 
phate  iXADPH).  The  reaction  solution  contained 
0.1  mg  ml  phycocyanin  and  was  placed  in  sealed 
vials  and  submerged  in  a  diluted  and  buffered 
blood  solution  with  a  hematocrit  of  8'7 .  Laser  ir¬ 
radiation  was  performed  at  several  wavelengths 
using  a  tunable  argon  dye  laser  (Spectra  Physics 
171 )  at  0.5  W  and  a  total  energy  dose  of  300  -Icm' 
<K--ri-,,,„n  of  N’ADPH  to  N’ADP-  by  the  released 
singlet  oxygen  resulted  in  loss  of  N'ADPH  absorp¬ 
tion  at  3-10  nm.  Estimation  of  enzymatically  active 
NADP-  produced  by  photo-oxidation  was  deter¬ 


mined  by  regeneration  of  N’ADPH  at  the  end  of 
thi‘  photodynamic  activation  as  follows.  A. ter 
measurement  of  optical  density  of  the  remaining 
N'ADPH  at  the  end  of  light  exposure.  MgC12  1  in 
mMt  DL-isocitrate(2.43  m.Mt,  and  N'ADPH  -depen¬ 
dent  isocitrate  dehydrogenase  (ICHD.  66  *tg'  were 
added  to  the  irradiated  mixture.  After  10  minutes 
at  room  temperature  in  the  dark,  the  absorbance 
at  340  nm  was  measured  again  and  corrected  for 
dilution  additions.  The  change  in  absorbance  was 
recorded  as  change  in  optical  density.  O  D.  et  340 
nm.  In  general,  about  SOrf  of  the  photo-oxidized 
nucleotide  was  in  the  form  of  enzymatically  active 
NADP-s.  Samples  were  assayed  in  triplicate. 

Cytotoxic  Effects 

Photodynamic  cytotoxic  effects  were  evalu¬ 
ated  by  measurement  of  viability  of  mouse  mye¬ 
loma  cells  X63-  Ag  8.653  derived  from  mouse  Balb 
C  Pk  in  culture.  Cells  were  grown  in  RMPI-1640 
with  10' 1  fetal  calf  serum,  1.2  gM  L-g!utamine. 
10,000  Units  each  of  streptomycin,  penicillin,  and 
fungizone  in  a  humidified  atmosphere.  95'/  air, 
53  CO.,  at  37’C.  Cells  were  cultured  to  a  density 
of  10'  cells  ml  in  flasks  containing  4  ml  of  me¬ 
dium.  Four  groups  of  culture  flasks  were  tested 
namely:  li  control.  2t  phycocyanin-treated  alone. 
3i  luser-feated  alone,  and  4i  phycocyanin-  and 
laser-treated.  Each  group  contained  three  flasks. 
Sterile  phycocyanin  solution  was  added  to  appro¬ 
priate  flasks  to  a  final  concentration  of  2.5  mg  ml 
and  allowed  to  incubate  for  4  hours.  At  zero  time, 
appropriate  flasks  were  irrad’  ued  with  laser  at 
514  nm  to  deliver  a  total  dose  of  300  J  cm"  at  room 
temperature  '22  O.  During  irradiation,  the  tem¬ 
perature  was  measured  by  a  thermistor  and 
showed  a  4  C  increase.  Viabiiitv  was  measured 
us  ng  Trypan  Blue  dye  followed  by  counting  using 
a  hemacytometer  at  0,  12.  24.  36,  48.  ana  72  hours. 
Viability  was  expressed  as  a  percentage  of  the 
viability  at  T  =  0.  There  was  no  change  in  viabil¬ 
ity  during  the  4-hour  preincubatton  period  with 
phycocyanin. 

Tissues  and  Arterial  Perfusion  Model 

Human  coronary  arteries  were  obtained  from 
the  left  anterior  descending  coronary  artery  and 
its  tributaries  within  5  to  8  hours  postmortem. 
Atherosclerotic  arteries  were  obtained  from  indi¬ 
viduals  who  were  over  55  years  old  In  this  study, 
a  total  of  seven  atherosclerotic  artery  segments 
were  used.  A  perfusion  apparatus  described  previ¬ 
ously  by  Morcos  et  al  (19851  was  utilized  such  that 
coronary  artery  segments  of  2-3  cm  in  length  and 
0.5-2  mm  in  diam-ter  were  perfused  under  i  con- 
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Fit;.  1.  Absorption  spectrum  of  phycocyanin.  Experimental 
conditions  are  indicated  on  the  figure. 


Fi>;  2.  Emission  spectrum  of  phvcocyanin.  Experimental  con¬ 
ditions  are  indicated  on  the  figure, 

slant  pressure  of  30  mm  Hg.  Briefly,  all  coronary 
arteries  were  dissected  free,  and  side  branches 
were  ligated  with  6.0  silk  sutures.  The  ends  of 
each  artery  were  cannulated  and  secured  with  6.0 
silk  sutures  on  polyethylene  tubing  in  a  special 
holder.  The  holder  was  placed  in  a  temperature- 
regulated  bath,  and  its  polyethylene  tubing  was 


connected  to  the  inlets  and  outlets  of  the  perfusion 
apparatus.  The  perfusate  and  bathing  medium 
contained  Krebs-Ringer  bicarbonate  solution  of  the 
following  composition  in  niM:  NaCl.  119.2:  KC1, 
4.9;  MgS04,  1.2;  KH2P04,  0.44:  CaC!2,  1.3;  Na- 
HC03,  25;  disodiufn  ethvlenediamine  tetraacetic 
acid  lEDTA),  0.03;  ascorbic  acid,  0.114;  and  glu¬ 
cose,  11.1,  pH  7  .34.  Perfusate  and  bath  were  main¬ 
tained  at  37°C. 

To  assess  pharmacologic  vasoreactivity  of 
each  artery  segment,  spasm  was  induced  by  intro¬ 
duction  of  100  ml  of  serotonin  (5-HT'  into  the  per¬ 
fusate  at  a  final  concentration  of  10  "T  The 
serotonin  solution  was  followed  by  a  washout  with 
1  liter  of  serotonin-free  Krebs  solution  to  effect 
relaxation.  Flow  rate  was  measured  continuously 
as  a  function  of  time.  Flow  rate  reduction  by  ap¬ 
proximately  50'7  was  indicative  of  pharmacologic 
viability  of  the  coronary  artery  segment. 

Uptake  of  Phycocyanin  in  Perfused  Coronary 
Arteries 

Phycocyanin  was  introduced  into  the  perfus¬ 
ate  of  isolated  pharmacologically  viable  human 
atherosclerotic  coronary  arteries  at  a  concentra¬ 
tion  of  0.1  mg’ml  for  5  minutes.  This  was  followed 
by  washout  with  Phycocy  an  in-free  Krehs-Ringer 
solution  for  10  minutes. 

Histology  and  Microscopy 

At  the  end  of  the  washout  procedure,  the 
mounted  artery  segments  were  fixed  in  3ri  giutar- 
aldehyde.  embedded  in  paraffin,  sectioned,  and 
mounted  for  microscopy  without  exposure  to  any 
organic  solvent.  Light  microscopy  was  performed 
as  specified  in  the  figure  legends  using  either  nor¬ 
mal  light  or  polarized  light  at  577  nm  to  enhance 
contrast  caused  by  absorption  by  phycocyanin  at 
620  nm. 

RESULTS 

Spectral  Properties  of  Phycocyanin 

Phycocyanin  is  a  blue  pigment  phycobilipro- 
tein  that  is  soluble  in  aqueous  solutions.  Its  ab¬ 
sorption  is  in  the  range  of  441-664  nm  with  peak 
absorption  at  620.5  nm  iFig.  D.  Two  other  minor 
absorption  peaks  occur  at  278.5  and  362.5  nm.  The 
excitation  spectrum  generated  using  an  emission 
wavelength  of  335  nm  occurs  in  the  range  of  470 
to  620  nm  with  a  peak  at  580  nm  iFig.  2).  Low- 
level  excitation  occurs  between  300  and  420  nm. 
The  emission  spectrum  using  an  excitation  wave¬ 
length  of  3S0  nm  occurs  in  the  range  of  580-760 
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Fig  3  Excitation  ip^ctrum  of  phycocyamn.  E.xpi-rimentjl 
conditions  are  indicated  on  the  figure. 


rim  with  a  peak  at  645  nm  tFig.  3).  The  high 
wavelength  of  absorption  '620  nm)  that  occurs  at 
the  limit  of  one  end  of  the  spectrum  for  blood 
absorption  enables  phycocyanin  to  absorb  light 
irradiated  through  blood. 

Photodynamic  Activation  of  Phycocyanin 

The  ability  of  phycocyanin  to  generate  sin¬ 
glet  oxygen  and  other  oxidizing  radicals  was  eval¬ 
uated  by  measuring  the  oxidation  of  NADPH  in 
the  same  reaction  mi  .are  as  described  in  "Mate¬ 
rials  and  Methods."  Reaction  mixtures  were  acti¬ 
vated  using  the  argon  laser  at  514.  600,  620,  650 
nm.  Sealed  reaction  vials  were  submerged  in  a 
iarger  vial  containing  blood  with  an  8T  hemato¬ 
crit.  Reaction  vials  were  irradiated  through  blood. 
The  light  dose  was  300  J  cmJ  measured  away  from 
the  liber  at  the  position  of  the  reaction  mixture  in 
absence  of  blood.  Figure  4  shows  the  change  in 
absorbance  caused  by  NADPH  oxidation  resulting 
from  photodynamic  activation  of  phycocyanin.  The 
peak  activation  occurred  at  laser  wavelengths  of 
620-650  nin.  Activation  at  600  nm  was  10T  of 
that  at  620  nm.  However,  activation  at  514  nm 
was  also  present  but  to  a  lesser  extent  i.iS'l '  com¬ 
pared  to  the  activation  at  620  nm. 


is  it:  wa.euv;**  «■) 

Fig  1  Laser  photodynamic  activation  of  phycocyanin  Phy 
cocyanm  was  in  a  reaction  medium  saturated  with  oxygen 
and  containing  deuterium  oxide  and  NADPH  N'ADPH  ox: 
dation  to  NADP-  was  measured  by  loss  of  absorption  at  340 
nm.  Activation  by  argon  lj3>-r  was  performed  at  .314.  600.  dill, 
and  650  nm  to  deliver  •!<")  -J  cm"  directed  toward  the  reaction 
vial  through  a  b’nod  solution  with  a  hemn’ocrit  of  i't  Tie- 
amount  of  enzymatically  active  NADP  -  generated  In  photo 
radiation  was  measured  b>  regeneration  to  NADPH  by  isocit 
rate  dehydrogenase  The  regenerated  N'ADPH  is  reported  as 
change  in  optical  density  (I  D  310'  in  the  figure.  Ail  men 
surement.-,  were  performed  on  triplicate  reaction  mixtures 
Concentrations  and  experimental  condition.--  are  as  .!•— crtbi  : 
in  "Materials  and  Meth'idn." 


Cytotoxic  Effects  of  Phycocyanin 

Suspension  cultures  of  mouse  myeloma  cells 
were  exposed  to  laser  light  alone,  phycocyanin 
alone,  and  both  laser  and  phycocyanin  'Fig  5c  A 
4-hour  preincubation  period  with  phycocyamn  was 
allowed  prior  to  laser  irradiation  at  514  nm.  Cells 
exposed  to  laser  alone  or  phycocyanin  alone 
showed  a  small  loss  of  viability  'approximately 
8 "r)  over  a  period  of  72  hours.  In  contrast,  cells 
exposed  to  photodynamic  treatment  lost  SIT  of 
cheir  viability  linearly  over  a  period  of  72  hours. 
The  percentage  of  cells  viable  at  72  hours  post- 
treatment  was  79.  71,  69.  and  15 T  for  control, 
laser,  phycocyanin.  3nd  photodynamically  treated 
(laser  and  phycocyanin'  cells,  respectively  Laser 
irradiation  was  Derformed  at  room  temperature 
'22  '0.  The  temperature  at  the  outside  surtace  of 
the  culture  flasks  receiving  the  light  dose  wj.- 
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F is'.  5.  Cytotoxicity  of  phycocyanin.  Mouse  myeloma  were 
^rown  to  a  density  of  10'5  or  10°  cells,  ml  in  4-ml  suspensions 
in  RPMI-1640  Cells  were  preincubated  witn  phvcocyanin  at 
0.25  mg  ml  for  4  hours.  Argon  laser  irradiation  at  514  nm 
was  performed  on  appropriate  flasks  to  deliver  300  J  em-’. 
Control  cells  were  not  exposed  to  either  phycocvanin  or  laser 
Laser-treated  cells  were  exposed  to  laser  only,  and  phycocy- 
anin-treated  cells  were  exposed  to  phvcocyanin  onl_. .  All  tests 
were  performed  in  triplicate  flasks.  Ceil  viability  was  deter¬ 
mined  after  initiation  of  laser  treatment  by  counting  cells 
showing  uptake  and  cells  not  showing  uptake  of  the  dye 
trypan  blue  using  a  hemacytometer. 


26°C.  which  is  still  lower  than  the  temperature  of 
culture  incubation  <37’C). 

Uptake  of  Phycocyanin  Into  Human 
Atherosclerotic  Plaque 

Human  atherosclerotic  coronary  artery  seg¬ 
ments  were  mounted,  perfused  with  phycocyanin. 
then  washed  with  phvcocyanin-free  perfusate. 
Vessels  were  processed  for  histology  without  the 
use  of  any  organic  solvents.  Light  and  fluores¬ 
cence  microscopy  of  sections  from  these  vessels  are 
shown  in  Figure  6A  and  B.  Figure  6A  shows  ath¬ 
erosclerotic  plaque  with  fine  blue  particles  within 
its  body  of  the  thickened  int.ima.  A  large  concen¬ 
tration  of  blue  material  was  present  at  the  inter¬ 
nal  elastic  lamina  'arrow).  Figure  6B  is  a 
fluorescence  image  of  the  same  field.  Phycocyanin 
was  present  in  the  hody  of  the  plaque.  It  was 
concentrated  along  convoluted  bands  of  different 
widths  and  different  spacings  between  each  other. 
These  bands  are  possible  elastic  laminae  within 
the  plaque.  The  largest  concentration  of  phycocy¬ 
anin  is  at  the  internal  elastic  laminae  (arrow), 
showing  a  broad  band  that  has  a  highly  intense 


t’uorescence.  Beyond  this  internal  elastic  laminae 
band,  phycocyanin  was  dramatically  absent  from 
the  media  (dark  zone'. 

Other  vessels  were  treated  similarly  and 
were  visualized  using  polarized  light  at  577  nm 
i Fig.  7).  Since  phycocyanin  absorbs  strongly  in 
that  range  of  wavelength,  areas  within  the  cross- 
section  that  contain  phycocyanin  appeared  dark. 
In  Figure  7,  the  thickened  intima  and  plaque  ap¬ 
peared  dark,  showing  the  presence  of  phycocy¬ 
anin.  The  thin  medial  plaque  muscle  coat  appeared 
relatively  much  lighter  in  color  and  demonstrated 
poor  localization  of  the  pigment. 

DISCUSSION 

In  this  stedy  we  describe  the  specific  uptake 
and  the  mode  of  localization  in  viable  human  ath¬ 
erosclerotic  coronary  arteries  of  a  photosensitizer, 
phycocyanin.  which  possesses  photodynamic  and 
cytotoxic  properties. 

Uptake  of  porphyrins,  present  in  HPD,  by 
atheromatous  lesions  in  rabbit  aorta  in  vitro  was 
described  by  Spears  et  al  [19831.  Later  Kessel  and 
Chou  (1983|,  Kessel  and  Sykes  [1984|.  and  Pollock 
et  al  [1987]  using  chemical  analysis  showed  accu¬ 
mulation  of  HPD  ir.  human  aortic  plaques  ob¬ 
tained  at  autopsy.  However,  details  of  patterns  of 
distribution  of  such  material  in  the  plaque  are 
unknown.  Furthermore,  HPD  has  a  peak  wave¬ 
length  of  absorption  that  lies  within  the  same 
wavelength  lange  of  absorption  by  blood.  Phyco¬ 
cyanin  descr  iied  in  this  study  is  a  deeply  colored, 
highly  fluorescent  photoreceptor  pigment  ob¬ 
tained  from  blue-green,  red,  and  crytomonad  algae 
that  contain  a  linear  tetrapyrrol  as  the  prosthetic 
group  [Bennet  and  Siegelman,  1979],  Phycocyanin 
naturally  occurs  as  large  molecular  weight  aggre¬ 
gates  that  are  attached  to  the  photosynthetic 
membranes.  They  are  closeiv  linked  to  the  chloro¬ 
phyll-containing  system  for  efficient  energy  trans¬ 
fer.  It  exists  in  two  forms  that  are  intercon verted 
upon  alternative  exposure  to  red  and  far-red  light 
with  a  peak  absorption  at  620.5  nm.  We  have 
taken  advantage  of  tais  property  since  it  repre¬ 
sents  peak  absoiption  at  the  limit  of  the  wave¬ 
length  range  for  absorption  of  light  by  blood,  and 
we  have  investigated  the  potential  of  phycocyanin 
for  generating  oxidizing  radicals.  We  report  strong 
activation  of  phycocyanin  with  resultant  release 
by  oxidizing  radicals  particularly  between  the 
wavelength  of  620  and  650  nm.  The  potential  for 
release  of  such  oxidizing  radicals  exists  at  even 
higher  wavelength  pending  further  testing  with 
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Fig.  7.  Polarized  light  microscopy  of  human  atherosclerotic 
coronary  artery  cross  section  after  perfusion  and  washout  of 
phvcocyanin  containing  solution  <0. 1  mg'ml).  Polarized  light 
was  577  nm  to  enhance  the  shades  of  areas  containing  phy- 
cocyamn,  which  absorbs  at  620  nm.  The  lighter  band  around 
the  periphery  represents  minimal  uptake  of  phvcocyanin  in 
the  medial  muscle  coat.  Magnification  x40. 


appropriate  laser  light.  The  amounts  of  energies 
reported  in  this  paper  and  required  for  this  acti¬ 
vation  are  higher  than  previously  described  val¬ 
ues  for  clinically  applied  photodynamic  therapy.  It 
is  possible  that  similar  activation  levels  can  be 
obtained  if  lower  energy  levels  were  used. 

In  addition  to  measuring  the  generation  of 
oxidizing  radicals  by  using  a  coupled  NADPH  re¬ 
action  we  have  also  examined  the  cytotoxic  effect 
on  malignant  cells.  Mouse  myeloma  cells  in  sus¬ 
pension  cultures  were  dramatically  killed  upon 
exposure  to  a  combination  of  laser  light  and  phv- 
cocyanin.  Effects  were  observed  as  eariy  as  within 
the  first  10  hours.  Such  dramatic  loss  of  viability 


in  neoplastic  cells  may  not  he  similarly  oiv-erve.j 
in  atherosclerotic  plaque  when  'tie  paramet.-r- 
meastired  are  based  on  changes  jn  plaque  vniijny 
or  bulk.  l"ne  reason  for  this  is  that  uniike  nc  nl  i- 
tic  cell.;,  plaque  components  do  not  have  a  i 
turnover  rate  and  that  in  addition  to  the  cellular 
components  there  are  structural  plaque  matrix 
components  such  as  collagen,  which  has  verv  hu 
turnover. 

We  have  examined  the  pattern  of  uptake  of 
phvcocyanin  into  viable  human  atherosclerotic 
plaque  on  coronary  artery  segments.  Phvcocyanin 
was  selectively  taken  into  the  plaque,  and  it  was 
dramatically  absent  from  the  medial  muscle  layer. 
Within  the  plaque,  phvcocyanin  was  characters- 
ticalv  concentrated  at  several  laminae:  however, 
the  largest  concentration  was  at  the  internal  elas¬ 
tic  lamina.  Since  phvcocyanin  is  hydroph i 1 1 ic  and 
Kessel  and  Sykes  ( 1984 1  described  the  existence  of 
hvdrophii lie  sites  within  the  plaque,  it  is  therefore 
possible  that  these  laminae  including  the  internal 
elastic  lamina  possess  a  significant  amount  of  hy- 
drophiilic  residues.  The  data  presented  here  sug¬ 
gest  that  phvcocyanin  may  have  potential  use  as 
r.  marker  for  clinically  evaluating  atheroscler 

The  resultant  cytotoxicity  from  activation  of 
phycocyanin,  present  a.  those  sites  within  the 
plaque,  using  iase*-  at  light  wavelengths  that  an* 
minimally  absorbed  by  blood,  may  have  sigmf- 
cant  clinical  implications  for  regression  of  plaque 
and  awaits  further  investigation. 
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Basic  laser  physics  and 
tissue  interactions 

By  J.  Stuart  Nelson,  MD,  PhD,  and  Michael  W.  Berns,  PhD 


The  purpose  of  this  article  is  to  provide  a  brief  understanding  of 
the  nature  of  the  laser,  how  it  works,  and  the  fundamental 
mechanisms  of  its  interaction  with  matter.  It  is  important  to 
understand  these  principles  because  the  appropriate  and  effec¬ 
tive  medical  use  of  the  laser  depends  on  their  adequate  apprecia¬ 
tion. 

To  start,  let  us  compare  the  laser  with  a  light  bulb  (Figure  l ). 
The  product  of  the  laser  is  light,  which  is  composed  of  packets  of 
energy  known  as  photons.  Photons  are  also  produced  by  the  light 
bulb,  and  indeed ,  a  photon  is  a  photon  whether  it  comes  from  the 
sun  ora  light  bulb,  firefly,  or  laser.  Ugh:  from  the  laser  and  the 
light  bulb  differs  in  how  their  photons  are  organized  both  spa 
tially  and  temporally.  When  you  look  at  a  light  bulb,  you  see  that 
light  radiates  in  all  directions.  As  you  walk  away  from  the  light 
bulb,  it  gets  dimmer  and  dimmer;  there  is  a  direct  mathematical 
relationship  between  loss  of  light  intensity  and  the  distance  that 
you  move  from  the  bulb  In  the  laser. photons  are  emitted  together 
in  parallel  (or  near  parallel )  and  in  phase  with  each  other.  This 
property  is  known  as  coherence;  it  explains  why,  when  you  waik 
away  from  a  laser,  the  light  intensity  does  not  decrease  very  much 
This  property  is  used  by  scientists  to  send  a  laser  beam  to  the 
moon  and  back  to  measure  interplanetary  distances. 

Another  feature  that  we  notice  about  the  light  emitted  by  the 
light  bulb  is  its  white  or  yellowish-white  color,  which  contains  all 
the  colors  and  wavelengths  in  the  visual  portion  of  the  electro¬ 
magnetic  spectrum  and  hence  is  polychromatic.  If  you  put  a  glass 
prism  in  front  of  the  light  bulb,  you  will  refract  the  different 
wavelengths  and  sec  the  constituent  colors.  With  the  laser,  a  glass 
prism  will  prodiu  e  light  of  only  one  wavelength  and  one  color. 
Laser  light  is  therefore  pure  or  monochromatic. 
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A  thirddifference  between  the  two 
light  sources  is  their  intensity.  The 
number  of  photons  produced  by  the 
laser  is  much  greater  per  unit  area  of 
emission  than  for  any  other  light 
source.  In  fact,  millions  of  more 
photons  are  emitted  by  a  laser  than  bv 
a  comparable  surface  area  of  the  sun. 

As  a  result  of  these  three  simple 
differences,  the  laser  produces  an 
enormous  number  of  monochromatic 
nhoions  Otherwise,  the  photons 
from  the  laser  and  light  bulb  obey  the 
same  basic  laws  and  principles  that 
govern  their  interaction  with  matter, 
molecules,  and  tissues.  In  summary, 
the  monochromatic,  parallel,  intense 
nature  of  its  light  beam  makes  (he 
laser  different  from  conventional 
light  resources. 

The  word  "laser"  is  an  acronym 
derived  from  Light  Amplification  Bv 
Tne  Stimulated  Emission  Of  Radia¬ 
tion.  which  tells  us  why  the  laser  is 
what  it  is  It  is  obvious  that  "L"  stands 
for  light:  amplification  by  stimulated 
emission  of  radiation  is  the  actual 
physical  process  that  occurs  within 
the  device  that  we  call  the  laser 

Basic  laser  physics 

In  Figure  2.  there  are  two  atoms  in  the 
ground  state,  the  lowest  possible 
energy  level  If  by  some  mechanism, 
w-e  excite  these  atoms  from  the 
ground  state  by  the  input  of  energy, 
they  will  move  to  a  higher  energy 
level  called  the  singlet  state  The 
source  of  this  energy  can  be  electri¬ 
cal.  chemical,  radio  frequency,  or 
light.  In  the  first  laser  that  was  ever 
built  ( 1 9b0).  the  energy  that  was  used 
to  excite  the  atoms  inside  the  device 
was  derived  from  a  lljslilamp 

When  these  atoms  are  m  the  e\- 


laser 


Figure  2:  Energy  transitions  rharacterist'C  of  atoms  m  stimulated 
emissions  (a)  two  ground  state  atoms  i  .2.  (b)  excitat  cn  to  the 
singlet  state,  (c)  transition  to  the  meras!3bie  state,  (d)  a:om  •  soonta- 
neousfy  drops  to  ground  state,  emitting  a  photon  that  stimulates  atom 
2  to  drop  lo  the  ground  state  Both  photons  from  atom  t  and  atom  2  have 
the  same  wavelength  and  are  travelling  parallel  to  eacn  ofhe' 
m  phase 
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otcd  singlet  siaic.  they  will  very 
quickly' drop  to  an  intermediate  en¬ 
ergy  level  called  die  metastable  slate. 
This  partially  explains  why  some 
materials  can  go  through  the  process 
that  we  call  lasmg  while  others  can¬ 
not.  Only  certain  types  of  atoms  are 
capable  of  the  lasing  process:  those 
atoms  characteristically  have  a  me¬ 
tastable  state  in  their  energy  struc¬ 
ture.  This  metastable  state  is  unique 
in  that  these  atoms  will  stay  at  this 
energy  level  for  a  relatively  long 
time,  perhaps  as  long  as  a  couple  of 
seconds.  The  latter  may  not  seem 
long.  but.  in  phoiobiology.  where 
most  reactions  occur  in  nanoseconds 
(10'")  or  picoseconds  (10  i:).  one 
second  is  considered  a  long  period. 

What  happens  next  is  a  spontane¬ 
ous  event.  According  to  the  laws  of 
thermodynamics,  rioms  are  always 
moving  Atoms  which  exist  in  the 
metastable  state  spontaneously,  by 
random  action,  return  to  the  ground 
state  with  the  loss  of  some  energy. 
This  energy  loss  is  in  the  form  of 
liehr  the  release  of  a  photon.  !f  (he 
photon  is  in  close  proximity  to  an¬ 
other  atom  which  is  in  the  rr.eiasiablc 
state  (remember  that  the  metastable 
state  is  long-lived,  so  there  will  be 
many  atoms  at  that  energy  level),  it 
will  actually  strike  or  collide  with  the 
other  atom.  This  interaction  stimu¬ 
lates  the  second  atom  to  return  io  its 
around  state  and.  in  the  process,  emit 
another  photon  ot  light.  According  to 
l he  basic  principles  ol  physics,  since 
both  photons  conic  lm:.i  identical 
eneruv  levels,  they  will  lx;  of  the  same 
wavelengths  (colon  and  are  also 
moving  parallel  to  and  m  phase  with 
each  other  The  simple  dugrjin  m 
Future  2  renllv  outlines  the  entire 
I’..IMS  III  la s i ii c  T 111-  stimulated  elms- 
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Figure  3:  Schematic  ot  ruby  laser  action  illustrating  photon  cascade 
(a)  unstimulatea  ruby  crystal;  a  tew  chromium  atoms  (closed  circles) 
are  spontaneously  m  the  singlet  or  metastable  state,  but  .most  are  in  the 
ground  state  (open  circles);  (b)  Energy  mout  excites  ground  state 
chromium  atoms  to  the  singlet  state  from  wh.cn  they  drop  to  the 
metastable  state  (closed  circles);  (c)  Stimulated  emission  ol  excited 
atoms  by  photons  ot  stimulated  emitting  atoms.  1 1)  Photon  cascade  by 
reflection  of  mirrored  ends;  stimulated  emission  continues,  (e)  Further 
photon  cascade  and  passage  out  ot  partially  reductive  end. 
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Figure  4:  Schematic  of  a  simple  ruby  laser 


Fiayre  5:  Actd-n  components  Ot  first  ruby  laser  (I960) 
pencil  indicates  ruby  crystal,  fiashiamp  to  right  of  crystal 


sion  of  one  photon  by  the  action  ot 
mother  photon. 

Figure  3  presents  the  foregoing  on 
airtuch  grander  scale.  If  some  kind  of 
suitable  material  (crystal,  gas.  or  liq¬ 
uid)  is  within  the  laser  cavity,  the 
atoms  are  either  in  the  ground  state 
(open  circles)  or  the  metastable  state 
(dark  circles).  The  two  photons  (de¬ 
scribed  above)  strike  other  atoms  in 
the  metasuble  state,  causing  them  to 
emit  photons  in  parallel  and  in  phase 
with  those  already  present.  Wallin  3 
fraction  of  a  second,  there  is  an  in¬ 
tense  buildup  of  many  photons  (a 
“photon  cascade")-  Within  the  laser 
cavity,  which  has  opposing  reflective 
swfaces  and  contairs  a  suitable  la¬ 
sing  material,  the  released  photons 
will  continuously  be  oscillated 
through  the  medium  at  the  speed  of 
light.  stimulating  the  emission  of 
more  photons  This  is  the  final  physi¬ 
cal  process  in  iasme:  amp1  fcation. 
By  permitting  the  release  of  some 
photons  by  means  of  ore  partially 
reflective  surface  at  the  end  of  tne 
User  cavity,  the  resul!  is  j  bright, 
intense,  monochromatic  beam  ot 
light. 

Figure  4  is  a  diagram  ot  the  tirst 
ruby  laser  built  in  I960  by  Theodore 
Maiman.  This  laser  used  synthetic 
ted  ruby,  which  is  a  crystal  ot  alumi¬ 
num  trtoxide  doped  with  chromium 
atoms.  It  is  the  chromium  atoms  in¬ 
side  the  crystal  lattice  that  are  going 
through  the  lasing  process  to  produce 
the  red  light  The  aluminum  tnosule 
is  merely  acrystal  structure  that  Ito'ds 
itte  chromiuii.  jumiis  m  pi  ice  The 
Munun  laser  (Figure  '•)  ■'  a  iniijhls 
4  small  apparatus  with  -als  thr-e 
work  me  pails  i  j  ruby  ervsial  a  ll.i'h 
lamp,  jml  j  castlv  w  iih  *«..i  •-.-tie.  osi 
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Figure  ft  show*  I9.XX  state -of-lhe- 
art  technology.  Everything  in  this 
photograph  is  a  laser  except  the  tech¬ 
nician.  This  device  is  a  free  electron 
laser,  which  is  located  at  the  Univer¬ 
sity  of  California.  Santa  Barbara. 
This  laser,  which  costs  many  millions 
of  dollars,  may  be  the  forerunner  of 
the  future.  Although  much  engineer¬ 
ing  still  needs  to  be  done  to  get  this 
laser  to  a  practical  level,  research  is 
presently  underway  on  its  possible 
biomedical  applications.  The  real 
problem  of  a  free  electron  laser  is  that 
it  releases  an  enormous  amount  of 
gamma  radiation  while  in  use.  which 
potentially  can  create  a  serious  health 
hazard. 

Figure  7  shows  those  regions  in 
the  electromagnetic  spectrum  where 
lasers  can  be  used.  Generally  and  by 
convention,  a  medical  laser  is  re¬ 
ferred  to  in  terms  of  its  wavelength  in 
either  nanometers  (nm),  microns 
(um).  or  millimeters  (mm).  As  you 
can  see.  lasers  occupy  a  relatively 
small  portion  of  the  entire  electro¬ 
magnetic  spectrum.  This  portion  is 
expanding,  however,  with  the  desel- 
opment  of  the  free  electron  laser, 
which  eventually  may  be  manipu¬ 
lated  from  the  infrared  to  the  ultravio¬ 
let  segments  of  the  spectrum. 

When  discussing  different  kinds 
of  lasers,  identification  is  made  by  the 
type  of  material  inside  the  device 
which  is  going  through  the  lasing 
process  teg.  the  argon  laser  has  argon 
g.is  as  the  lasing  medium!  There  ire 
liquid,  solid,  and  gas  lasers  (Figure 
X|  li  is  possible  to  obtain  lasing  ac¬ 
tion  Irom  jny  ol  these  materials, 
provided  their  atomic  structures  have 
a  metastable  state  that  permits  the 
stimulated  emission  process  tooccui 
i  iicic  ait.*  also  wavs  to  mo. Ids  die 


Figure  6:  Free  electron  laser  at  University  of  California.  Santa  Barbara 
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Figure  7:  Comparison  of  various  electromagnetic  raciahon  sources 


Figure  8:  Identification  ol  different  types  ol  medical  lasers 
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Figure  9:  Second  harmonic  generation  by  passing  a  Neodymium-  Yag 
laser  beam  through  the  asymmetric  crystal  potassium  tnhyorogen 
phosphate  (KTP)  (courtesy  of  laserscope) 
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igure  tO:  case'  tissue  interactions 
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wavelengths  that  are  obtainable  from 
lasers  (Figure  9).  Certain  crystals, 
called  nonlinear  asymmetric  crystals, 
take  photons  from  very  intense  light 
and.  through  an  interaction  of  these 
photons  with  the  crystal  lattice,  gen¬ 
erate  laser  light  with  twice  the  fre¬ 
quency  (half  the  wavelength)  of  the 
incident  radiation.  This  is  known  as 
frequency  doubling  or  harmonic 
generation.  By  using  these  crystals  in 
conjunction  with  lasers,  it  is  possible 
to  double,  triple,  or  quadruple  the 
wavelengths  from  the  primary  laser 
source.  It  is  also  possible  'o  use  one 
laser  to  excite  another  and.  by  using 
liquid  dyes  that  can  go  into  many 
different  metastable  states,  to  obtain  a 
whole  variety  of  different  wave-  Figure  1 1 :  Absorption  spectrum  of  hemoglobin  and  water 
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Figure  12:  Thermal  interaction  of  laser  irradiation  with  bio'cgical  tissues 
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Figure  13:  Dissipation  of  thermal  energy  in  biological  tissues 


Figure  14:  Relative  crater  configuration  ana  volume  as  a  function  of 
oower  density 


lengths  from  a  smgtc  laser  device. 

In  summary,  there  ts considerable 
flexibility  in  what  wavelengths  are 
available  for  clinical  use.  In  fact, 
many  newer  devices  can  be  precisely 
tuned  to  emit  photons  at  the  exact 
wavelength  that  matches  the  particu¬ 
lar  pigment  present  in  body  tissues  to 
bring  about  their  selective  disruption. 

Laser-tissue  interactions 

Now  that  this  intense,  pure  beam  of 
light  has  been  generated,  how  can  it 
be  used?  Once  again,  light  from  lasers 
follows  the  basic  laws  of  photobiol- 
ogy.  The  one  exception  is  for  ex¬ 
tremely  short,  intense  laser  pulses 
where  so-called  "nonlinear"  events 
may  occur  These  effects,  such  as 
multiphoion  absorpnon.  plasma  gen¬ 
eration.  and  ionization  occur  as  a 
function  of  photon  intensity:  they 
were  not  possible  until  extremely 
short  (nanosecond/picosecond)  laser 
pulses  were  generated. 

The  first  thing  to  remember  is  that 
life  is  not  always  as  simple ’s  it  ap¬ 
pears  If  a  laser  beam  is  directed  at  a 
tissue,  it  may  be  reflected  back  to  the 
source  or  to  another  undesired  sur¬ 
face.  Since  tissues  reflect  li*ht.  their 
refleciam  properties  (reflectance)  3re 
important  considerations.  Further¬ 
more.  we  must  be  aware  that  instru¬ 
ments  in  the  operative  field  also  may 
reflect  the  light  and  may  create  prob¬ 
lems  and  health  hazards  for  the  pn- 
ueni  or  attending  personnel.. 

When  reflectance  is  adequately 
controlled  and  the  laser  light  enters 
the  tissue,  the  ultimate  goal  is  absorp¬ 
tion  of  light  energy  to  effect  tissue 
change  Two  additional  Complica¬ 
tions  can  occur  other  than  absorption 
o’  the  tissue  'Jhe  tissue  used  can 
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scatter  the  light,  winch  literally 
bounces  off  particles  and  structures 
within  the  tissue  and  “scatters"  to 
places  where  it  is  not  wanted.  Fur¬ 
thermore.  the  light  may  be  transmit¬ 
ted  right  through  the  tissue  and  only  a 
minimal  amount  may  be  absorbed. 
Since  every  tissue  has  reflective, 
scattering,  and  transmissive  proper¬ 
ties.  understanding  these  (issue  char¬ 
acteristics  is  an  important  aspect  of 
knowing  how  to  use  the  laser. 

The  process  of  absorption  is  the 
key  to  effective  laser  use.  When 
photons  enter  the  tissue,  those  that  are 
not  reflected,  scattered,  or  transmit¬ 
ted  are  absorbed.  Their  energy  is 
transferred  to  other  molecules/ 
groups  of  atoms  within  the  tissue  that 
is  to  be  altered  or  changed.  Once  this 
photon  energy  is  absorbed,  it  must  go 
somewhere:  this  is  really  the  key  to 
produce  the  different  tissue  changes. 
Where  and  how  is  this  energy  dissi¬ 
pated?  Normally,  we  think  of  lasers 
as  producing  heat.  Probably  90%  of 
the  clinical  procedures  for  which  la¬ 
sers  are  used  involve  the  production 
of  some  kind  of  local  thermal  event. 
Heat,  however,  is  only  one  way  that 
the  photon  energy  can  be  dissipated 
(Figure  10).  The  important  point  to 
remember  is  that  when  photors  are 
absorbed,  the  absorbing  structure  or 
tissue  must  get  rid  of  that  energy  in 
some  way.  The  manner  in  which  this 
energy  is  dissipated  causes  ;hc  differ¬ 
ent  biological  el fects  that  we  see 
clinically. 

Absorption 


lictoic  liglu  energy  can  lie  absorbed, 
there  must  lie  some  absorbing  mole¬ 
cule  m  die  t issue  These  molecules 
aie  eenerallv  ictcircd  M  .is  lugmems 


Figure15:Pattent  with  superficial  recurrence  ol  breastcar.-er 
(A)before  photodynarmctherapy;(B)  three  weeks  after  treatment 
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Figure  I  I  plots  the  jbso.pnon  spec¬ 
trum  of  two  common  body  constitu¬ 
ents  that  can  function  as  pigments: 
hemoglobin  and  water. 

Hemoglobin  has  a  very  high  ab¬ 
sorption  in  the  violet  and  biue/green 
portions  of  the  visible  spectrum.  The 
absorption  starts  to  decline  in  the  red 
region  of  the  spectrum,  which  is  why 
hemoglobin  is  red  (it  does  not  absorb 
red  light).  This  is  the  rationale  for 
using  an  argon  laser,  which  emus 
blue/green  light,  as  the  primary  treat¬ 
ment  for  vascular  lesions  such  as 
heman  -omas  and  port-wine  stains. 
Hemoglobin  absorbs  blue/green  light 
and  converts  it  into  hett  energy, 
which  destroys  the  blood  vessel; 
however,  this  action  may  not  be  as 
selective  as  anticipated.  Even  with 
selective  absorption  by  the  hemoglo¬ 
bin  molecule,  the  heat  that  destroys 
the  blood  vessel,  unless  very  pre¬ 
cisely  controlled  and  confined  just  to 
this  area,  will  radiate  in  all  directions 
and  may  dest.r  the  overlying  skin 
layers. 

Currently,  newer  procedures  are 
being  developed  with  short-pulsed 
lasers,  where  it  15  felt  that  confining 
the  energy  to  a  very  short  period  will 
reduce  the  spread  of  heat  to  surround  • 
ing  structures 

Wmer.  on  the  other  hand,  does  not 
absorb  in  the  visible,  and  very  mini¬ 
mally  m  the  near  infrared  portions,  of 
•he  spectrum  In  the  far  infrared  re- 
g  i' ins.  water  absorbs  maminallv  Tins 
is  why  a  carbon  duxule  laser  has  a 
direct  ellecl  on  any  tissue  in  the  b'ldv. 
water  is  a  itujor  constituent  nt  everv 
'issue  in  the  body  .  The  carbon  diimde 
l-isei  can  be  compared  clinically  to 
performing  a  dermabrasion,  because 

user  gradually  removes  cell  laser 

sell  layer  In  die  vot.iuh/jiiou  ol 
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Figure16:  Patient  with  basal  cell  carcinomas  injected  previously  with 
hematoporphyrin  derivative.  Blue/violet.  dOO-nm  light  of  a  krypton  laser 
is  used  with  appropriate  filters.  Red  fluorescence  can  be  observed  in 
malignant  cells  (Courtesy  of  Thomas  Dougherty) 


wa;er  In  a  third  laser,  the  Ncodym- 
iur.i-Yag.  the  light  energy  is  very 
poorly  absorbed  by  hemoglobin, 
water,  and  other  body  ni  gments.  Thi  s 
is  why  the  Neodymium- Yag  laser 
will  penetrate  r.iuch  more  deeply  into 
tissue. 

The  selection  of  the  correct  laser 
for  a  par.tcular  clinical  procedure 
requires  an  understanding  of  the  ab¬ 
sorptive  as  well  as  the  reflective, 
scattering,  and  transmissive  proper- 
ties  of  the  target  tissue. 

Heat 

The  control  of  tissue  heating  is  very 
important.  Figure  I  2  shows  the  effect 
of  temperatuie  rise  in  the  tissue  under 
irradiation.  As  'he  temperature  rises 
to  3?-bO‘*C.  the  tissue  starts  to  retract 
and  conformattonjl  changes  occur 
Wuh  a  temperature  above  bO“C.  there 
is  protein  denaturuton  and  coagula¬ 
tion.  From  90-IC0"C.  carbonisation 
a.nj  tissue  burning  occurs.  Above 
!00"C.  the  tissue  is  vaporized  and 
ablated  Ideally  from  a  clinical  point 
of  s  i.*w,  the  phs  sic.an  should  be  ahi-a 
to  stop  the  heating  process  at  an;,  one 
of  these  thermal  ranges  to  produce  thu 
desired  clinical  result  Physicians 
experienced  in  laser  therapy  acquire 
the  ability  to  discern  these  tissue 
changes  visually,  so  that  the  healing 
process  can  be  stopped  at  the  desired 
point  It  is  therefore  important  that 
physicians  who  plan  to  use  lasers 
complete  a  preeeptorslup  ssi:.!i  ,m 
instructor  who  has  eonsideranle  ■■>- 
pci  lence  in  this  held  ami  can  neln 
them  develop  the  requisite  snai- 

It  is  also  iiu|*hiu:ii  in  rememhc' 
ilia'  l  eal  radiales  m  ail  dir-- .  nuns 
\r.  ’iiiid  the  cr.i'e:  ji:o,;.i...-d  ns  tissue 
s  .iisiii/.iimi;  ri-.-r._-  -A  li,  n.-  .i;..s 


circumambient  cones  of  carboniza¬ 
tion.  s  acuolization.  and  edema  as  the 
heat  is  dissipated  (Figure  13).  The 
zones  ol  vacuolization  and  edema 
may  be  irreversibly  affected  and 
eventually  necrose  and  slough  off.  or 
they  may  be  repaired  by  the  host.  The 
laser  will  not  necessarily  produce  a 
nice  clean  cut  by  vaporization,  while 
leaving  other  tissue  completely  unaf- 
lected  The  objective  of  laser  therapy 
must  he  to  minimize  as  much  as  pos¬ 
sible  iltese  other  zones  of  thermal 
injury,  while  maximizing  tissue  re¬ 
runs  al 

Anodic:  point  ih.il  nuisi  lie  empha¬ 
sized  is  dosimetry.  Obviously,  one 
ss.'U  ot  jiower  (tine  wat!=onc  joule  ot 
■-netity  deliseied  ui  one  second)  de- 
usi-ied  over  one  cm  is  very  diMcfcm 
1 1  oru  one  -.s  .ill  delivered  over  ou<:  in' 


As  the  spot  size  decreases  while  the 
power  remains  constant,  the  power 
density  i power  per  unit  area)  must 
necessarily  increase  Conversely,  as 
spot  size  grows  from  -.mall  to  large, 
the  power  density  wtil  diminish. 
What  does  this  mean  in  tissues  clini¬ 
cally'*  If  the  clinical  objective  is  to 
make  a  quick  incision,  the  surgeon 
should  use  a  very  small  spot  with  a 
high  power  density,  because  u  will 
penetrate  deeply  into  the  tissues.  It 
the  intent  is  to  ablate  gently  from  l  : 
surl.ice.  boss  ever,  a  larger  spot  size 
a  :t"i  t-  lower  power  density  should  be 
used  > Figure  IAS.  The  operator  can 
dieretore  control  the  kind  ot  eflecl 
produem!  in  tissue  rv.  manipulating 
either  die  .jioi  size  or  power  settings 
on  till-  l.i-er  It  is  sets  unportam  to 
re.-'etu/c  u-.i-,  . 1 1 s ; .  Sl)  d-.ai  die 
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Figure  17:  (A)  Ablation  of  corneal  stroma  with  caoratior  or 

c'C.mef  laser  (8)  Histology  reveals  dean,  nor  •r-.errr..ii  cut 


loimcs  -,c.ih  -.vh  ;”.  ’s 


operator  vv  iH  bo  abio  u>  cot  liic  nn»si 

out  of  the  device  and  produce  the  best 
clinical  results  for  the  patient. 

Photochemistry 

Photon  energy  may  also  be  dissipated 
by  photochemistry.  The  basic  con¬ 
cept  of  photochemistry  is  rh-o  regain 
molecules  (natural  and  applied)  can 
function  as  photosensitizers.  The 
presence  of  these  photosensitizers  in 
certain  cells  makes  these  cells  vulner¬ 
able  to  light  of  an  appropnate  wave¬ 
length  a  .d  intensity.  The  action  of 
these  ph  itosensitizers  is  to  absorb 
photons  sufficient  to  elevate  the 
sensitizer  to  an  excited  state  The 
excited  photoscnit'zer  subsequently 
reacts  with  a  molecular  substrate, 
such  as  oxygen,  to  produce  sirgte: 
oxygen  which  causes  irreversible 
oxidation  or  some  essential  cellular 
components.  All  of  this  occurs  w  ith¬ 
out  the  generation  of  heat. 

The  moc  common  clinical  use  of 
this  mechanism  has  been  in  the  treat¬ 
ment  of  cancer  after  sensitization 
with  hematoporphyrtn  derivative 
(HpD)  Although  -he  mechanism  of 
HpD's  preferential  localization  in  I 

malignant  cells  is  uncertain,  the  total 
time  that  HnD  is  retained  in  malrc- 
nant  tissue  is  much  longer  than  in 
nonmahgn3iit  tissue,  from  which  it 
generally  clear  .  Irom  24-72hours  A. 
a  result,  there  is  a  "  wmdow"ot  time  :n 
which  the  physician  can  exploit  me 
diflcrences  m  HpD  cni’eenira'ior.  :•  ■ 
cau-c  the  selective  pliotodegradjiion 
of  malignam  tissue. 

Clinical!, .  photodynamic  Mier.ipv 
tPDTi  is  carried  oui  by  a  two-step 
procedure  HpD  is  lirsi  administered 
iiilravenimslv  m  die  ranee  m  2  s  ■  1 1  • 
kg  bo.iy  .s  .-ient  Alter  .1  del.:.  ..i  ;t 


2  hours  to  .liloss  tol  its  loc.lli/.ltioil 
:ii  m.ilienani  trsoie.  die  tumor  is  lira 
di  ded  with  visinle  red  ligtit  tuned  10 
h'diim  Short  tv  liter  l’l)l  adiimu 
sir.ition,  die  tumor  Iv-eonies  iif  toiK 
.mi. ills  within  2  '  I'.oms)  .m  l.  when 
■ : . s s  I . .  e!  lie  ■'■•■I  Hie  Inmoi  lie 


lasti.t  1 1  v  si- in  e  lied  oil  -.sid.u;  .  lev 
■  lavs  1  l  iguie  IS,  I  he  !neb  dieratx-u 
In  1  aim  ami  :,;!.itis  e  I  at  t  ot  morh-dits 
have  made  I'll  I  t'oienliall-.  .-  *-e:\ 
.illi.ii  Itvi-  :-it  ;  11!  ther. ip.  Ire. dree-.; 
par  : "i.-r  -i  .  1  tv;:i  -d  -v- 
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■  Miit  where  therapy  can  he  under¬ 
sell  will)  a  reasonable  expectation 
i  good  rc-ults  in  noth  animal  amt 
iman  trims  While  H  can  Ik  used  '■> 

Mlieah;  rolniiveix  laree  tumors 
i !  .ip;H.‘.:rs  Is  he  especially  aih.in 

■  ■  ns  in  Hie  I'.iiiem  ■.*.  nh  a  linn 


supcit  icial  iiiiinir  that  is  easily  acces¬ 
sible  In  light 

Fluorescence 

IMniiiin  ciu-res  nu\  he  dissipated  as 
ill**  i e  en ii s\ mi  hi  ■>{  iieh;  It  tins  hap¬ 


pens  within  10  ''seconds  alter  absorp¬ 
tion,  it  is  called  fluorescence 

The  fluorescent  photon  is  emitted 
as  the  excited  atom  returns  to  the 
ground  state.  Because  excess  vibra¬ 
tional  energy  in  the  singlet  state  isdis- 
sipated  as  L  .  hv  c.'"'s!0— •  "  i:h 
other  atoms  in  the  excited  state, 
however,  the  energy  of  the  fluores¬ 
cent  photon  is  lower  (therefore  the 
wavelength  is  longer;  than  that  of  the 
absorbed  photon. 

How  can  this  phenomenon  be  used 
diagnostically?  Many  of  the  photo¬ 
sensitizing  dyes  used  to  induce  pho¬ 
tochemistry  (as  described  above)  are 
also  fluorescent.  If.  tn  the  case  of 
HpD.  the  400-nm  blue/violet  Itght  of 
a  krypton  laser  is  used  with  an  appro¬ 
priate  filter  and  image  intensifier. 
fluorescence  will  be  observed  in 
maiigrurit  tistuC  fFL  ,.e  I:  woe1  i 
then  be  possible  for  the  physician  to 
switch  to  a  630-nm  red  light  and  bring 
about  the  photochemical  reaction  to 
kill  selectively  the  cells  cortaimng 
the  photosensuizer.  This  therapy  ac¬ 
tually  has  a  great  deal  of  promise 
clinically;  it  is  now  used  to  detect 
occult  lung  tumors,  to  determine  the 
extent  of  superficial  skin  tumors, 
delineating  tumors,  and  to  delineate 
tumors  and  dysplasia  in  the  bladder. 

Potentially,  the  limit  of  detection 
is  the  ability  to  detect  light,  but  tf  the 
image  intensifiers  now  under  devel¬ 
opment  become  sensitive  enough,  it 
would  theoretically  be  possible  to 
detect  just  a  few  photons  of  light 
emitted  trorn  a  single  malignant  ceil. 
Laser-stimulated  fluorescence  can 
also  be  used  analytically  to  scan  large 
populations  of  cells  that  are  flowed 
through  j  laser  beam  in  a  cylo- 
fliorometer  l.jsers  may  also  he  used 
to  excite  Mtuil  microscopic  recoils 
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Pari  II:  Clinical  Applications 


J.  Sluart  Nelson.  M  D .  Ph  D .  and  Michael  W.  3erns.  Ph  D 
Beckman  Laser  Institute  and  Medical  Clinic 
University  ol  California.  Irvine 
W02  Health  Sciences  Road  East.  Irvine.  California  92715 


It i  'Jot.  1,  No.  1  (Fall  1988)  authors  Berns  and  Nelson  m 
Part  l:  Biophysics.  Cell  Biology,  and  Biostimulation.  de¬ 
scribe  the  principles  of  light  interaction  with  tissue  and 
how  the  successful  applications  of  lasers  to  biomedicine 
rely  upon  an  adequate  understanding  of  these  principles. 
The  authors  explain  that  many  of  these  applications,  such 
as  cell  growth  stimulation,  immunologic  response,  and 
wound  healing,  may  be  based  upon  photochemical  con¬ 
version  of  absorbed  energy. 

The  purpose  of  this  review,  they  note,  is  to  place  the 
laser  in  proper  perspective:  that  is  to  demonstrate  where 
the  laser  has  had  ma/or  and  minor  impact,  as  well  as  those 
areas  where  the  laser  is  controversial  and  areas  where  the 
laser  shows  potential  for  future  applications. 

Part  II:  Clinical  Applications,  continues  with  a  timely 
review  of  the  various  uses  of  lasers  in  medicine. 


Ophthalmology 

HE  FIRST  LASER  built,  a  ruby  laser,  was  constructed 
by  Theodore  Maiman  in  1 960.  In  1961  Zaret  et  al  used 
this  red  laser  beam  to  photocoagulate  the  retinas  of  experi¬ 
mental  animals  and  by  1964  Zweng  et  al  were  using  it  to 
treat  human  patients  for  retinal  tears  and  other  ophtnalmic 
maladies.  Thus,  ophthalmology  was  the  first  medical 
specialty  to  embrace  the  laser  as  a  therapeutic  modality. 
This  was  not  surprising  since  ophthalmologists  had  been 
using  xenon  lamp  photocoagulators  for  decades  to  treat  a 
wide  variety  of  eye  disorders.  The  laser  merely  provided  a 
more  controllable,  monochromatic,  intense  beam  of  light. 
Certainly  the  fact  that  ophthalmologists  fully  appreciated 
the  ability  of  light  to  produce  selective  “burns"  in  the  eye, 
and  were  able  to  take  advantage  of  this  property  to  repair 
visual  defects,  led  to  the  rapid  adoption  of  the  laser  in  many 
clinical  areas. 

The  early  application  of  the  laser  in  ophthalmology  was 
for  heat  welding  in  the  repair  of  retinal  tears.  In  this 
treatment,  the  torn  retina  is  literally  heat-fused  back  down 
to  the  other  layers  of  the  eye  in  order  to  prevent  further 
separation  and  detachment.  The  dark  pigment  of  the  retina 
absorbs  the  intense  laser  light  very  effectively  resulting  in 
the  generation  of  a  small  thermal  weld.  Though  the  red 
ruby  laser  was  initially  used,  it  has  now  been  replaced  by 
the  blue-green  argon  laser.  The  ruby  laser  is  no  longer 
used  in  ophthalmology  because  of  the  technical  difficul¬ 
ties  in  its  operation  and  the  fact  that  it  is  a  higher  power 
pulsed  laser  that  could  create  some  undesirable  me¬ 
chanical  shock-wave  effects  in  the  tissue.  The  argon  as 


well  as  the  krypton  and  new  dye  lasers  are  now  used  in  j 
ophthalmic  procedures  that  rely  upon  thermal  phot.'.-  1 
coagulation.  The  majority  of  these  cases  involve  retinal 
hemorrhage  and  vascular  abnormalities  associated  with 
diabetes.  This  disease  is  characterized  by  the  excessive 
growth  of  blood  vessels  on  the  surface  of  the  retina  and 
into  the  vitreous  in  response  to  hypoxia.  The  result  may  be 
major  hemorrhage  and  eventual  retinal  detachment  lead¬ 
ing  to  a  drastic  reduction  in  visual  acuity.  In  early  studies 
the  laser  was  used  to  destroy  selectively  the  newly 
proliferating  blood  vessels  by  focusing  the  laser  directly 
on  the  blood  vessel  itself.  The  latter  has  now  been 
replaced  by  panretinal  photocoagulation  which  involves  a 
grid  pattern  of  laser  treatments  over  the  entire  ischemic 
retina  rather  than  the  new  blood  vessels  themselves.  This 
treatment  results  in  better  oxygenation  of  the  retina  and 
stops  further  neovascularization.  Panretinal  photocoagu¬ 
lation  has  now  gained  widespread  acceptance  as  a 
prophylaxis  !or  retinopathy  in  juvenile  onset  diabetics.  In 
certain  cases  where  leaking  blood  vessels  can  be  seen  by 
fluorescein  angiography,  the  laser  is  still  focused  on  to  the 
leaking  vessel  to  seal  it  shut,  reducing  the  macular  edema 
and  leading  to  a  stabilization  of  vision.  It  is  also  possible  to 
treat  more  diffuse  macular  edema  (not  associated  with  a 
specific  leaking  vessel)  with  a  grid  pattern  of  laser  treat¬ 
ments  on  the  macula.  While  an  improvement  in  vision  is  j 
not  to  be  expected,  the  result  can  be  stabilization  of  vision  ' 
(i).  : 

The  argon  laser  has  been  used  for  a  variety  of  other 
retinal  vascular  disorders  including  central  retinal  vein 
occlusion,  branch  vein  occlusion,  Eale's  disease,  sickle 
cell  and  other  hemoglobinopathies.  Coat's  disease  and 
leukemia  radiation  retinopathy  (1).  As  with  diabetic 
retinopalhy,  these  neovascular  diseases  can  be  treated 
effectively  with  photocoagulation  of  the  ischemic  areas.  In 
addition,  the  direct  laser  application  to  leaking  vessels  can 
be  used  to  stem  immediately  the  release  of  fluid  and 
subsequent  edema  in  many  of  these  disorders.  Addi¬ 
tionally,  there  is  a  whole  group  of  neovascular  diseases  of 
the  choroid  that  can  be  treated  with  either  the  green  argon 
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or  the  red  krypton  laser  The  krypton  ms  been  specifically 
used  for  choroidal  neovascuianzat on  bfianse  the  red 
beam  penetrates  through  the  overlying  xanthophyli  pig¬ 
ment  and  also  through  pigment  that  may  be  associated 
with  cataractous  changes  of  the  lens  (2)  Clinical  studies 
are  also  underway  utilizing  the  krypton  yellow  and  a 
variety  of  other  wavelengths  from  the  tunable  dye  laser  (3) 
and  the  frequency  doubled  green  Nd:YAG  laser  (4)  Thus, 
through  the  use  of  the  tunable  dye  laser,  an  ever  increas¬ 
ing  number  of  eye  disorders  can  be  selectively  treated  by 
matching  structures  with  a  high  light  absorption  to  a 
specific  laser  wavelength. 

Glaucoma  is  characterized  by  a  buildup  of  pressure 
within  the  eye  caused  by  an  interference  of  the  normal 
outflow  of  aqueous  fluid.  The  argon  laser  has  been  used  to 
pi iGtoc  regulate  selectively  Dortions  of  the  trabecular 
meshwork  which  appear  to  be  responsible  for  the  regula¬ 
tion  of  fluid  flow  from  the  eye.  Though  the  precise  nature  of 
the  argon  laser  effect  on  the  trabecular  meshwork  is 
unknown,  it  is  suspected  that  the  laser  may  cause  a 
shrinkage  or  tightening  which  then  permits  fluid  to  pass 
out  of  the  eye,  thus  relieving  the  increased  intraocular 
pressure  (5).  In  a  more  seveie  type  of  glaucoma  (angle 
closure  glaucoma),  a  higher  intensity  of  argon  laser 
radiation  may  be  used  to  burn  a  hole  directly  through  the 
iris  (iridotomy)  thus  permitting  the  free  flow  of  fluid  from  the 
posterior  to  the  anterior  chamber  of  the  eye.  Because  of 
the  large  amount  of  laser  energy  required,  the  pulsed 
Nd:YAG  laser  may  be  more  effective  since  it  relies  upon  a 
shock-wave  destructive  mechanism  rather  than  thermal 
photocoagulation  although  this  technique  is  still  experi¬ 
mental  (6). 

A  maior  advance  was  the  introduction  by  Aron-Rosa  (7) 
in  1980  of  the  short  pulsed,  high  peak  power  Nd:YAG  laser 
for  posterior  capsule  membrane  surgery.  With  the  advent 
of  nanosecond  (Q-switched)  and  picosecond  (mode- 
locked)  YAG  lasers,  it  has  become  possible  to  generate 
very  high  power  densities  (gigawatts/cm2)  in  focal  spots  of 
25-50  microns  (8).  When  these  lasers  are  focused  pre¬ 
cisely  on  a  small  spot  of  tissue,  unusual  “non-linear” 
events  occur,  thereby  generating  a  "plasma",  which  is  a 
gaseous  cloud  rich  in  free  electrons.  Due  to  the  sudden 
production  of  an  electrical  field  in  1 0'9  to  1 0  12  seconds,  an 
intense  acoustical  shock-wave  is  generated  at  the 
focused  spot.  When  focused  just  behind  the  posterior 
capsule  membrane,  this  acoustic  shock-wave  moves 
forward  carrying  potentially  damaging  kinetic  energy  and 
tears  apart  the  secondary  cataract.  Primary  cataracts  are 
often  treated  by  removal  of  the  clodded  lens,  followed  by 
implantation  of  a  plastic  lens.  The  surgical  procedure, 
however,  all  too  often  causes  opacification  of  the  normally 
transparent  posterior  membrane  behind  the  implanted 
lens.  Because  the  membrane  is  perilously  close  to  the 
prosthetic  lens,  this  procedure  requires  a  carefully  posi¬ 
tioned,  stable  laser  beam  focus.  The  technique  of  posterior 
capsulotomy  now  permits  non-invasive  outpatient  treat¬ 
ment  for  removal  of  secondary  cataract.  Early  studies 
demonstrated  pitting  and  cracking  in  the  new  lens  im¬ 
plants  due  to  laser  impact.  Later,  It  was  shown  that 
focusing  the  laser  in  the  vitreous  just  posterior  to  the 
membrane  (as  opposed  to  on  the  •  membrane  itself) 
eliminated  these  complications  (9).  It  is  very  likely  that  the 


short  pulsed  YAG  laser  will  be  used  m  other  ophthalmic 
procedures  where  a  rapid,  non-themal  destruction  is 
desired  (such  as  indotoiny). 

Currently  accepted  laser  procedures  in  ophthalmology 
rely  upon  the  heat  producing  photocoagulative  nature  of 
the  light  from  argon,  krypton  and  tunable  dye  lasers  or  the 
mechanical  shock-wave  of  the  pulsed  YAG  laser  Some 
new  experimental  procedures  are  being  developed  that 
utilize  non-thermal  molecular  bond-breaking  produced 
by  the  excimer  laser,  and  others  utilize  photochemistry 
through  the  interaction  of  excited  porphyrin  compounds 
and  the  dye  laser  to  produce  singlet  oxygen.  It  has  been 
recently  demonstrated  that  the  193  nm  ultraviolet  wave¬ 
length  of  the  ArF  excimer  laser  can  ablate  corneal  tissue 
by  photodissociation  of  intramolecular  bonds  without  ther¬ 
mal  effects.  Furthermore,  the  depth  of  substrate  removal  is 
precisely  controllable  because,  for  a  iixeb  eneigy  per 
pulse  (energy  per  unit  area  or  fluence),  there  is  a  linear 
relationship  between  etched  depth  and  number  of  pulses 
delivered  (8).  This  led  to  speculation  that  the  excimer  laser 
could  be  used  to  produce  radial  keratotomy  incisions  of 
controlled  depth  and  width.  Alternatively,  the  excimer  laser 
has  been  suggested  for  use  in  tangential  corneal  sculpting 
instead  of  as  a  radial  keratotomy  device.  This  technique  is 
more  demanding  than  making  radial  cuts  on  the  periphery 
of  the  cornea,  but  would  allow  patients  with  myopia, 
hyperopia  or  astigmatism  to  be  treated.  At  present,  hy¬ 
peropia  or  astigmatism  cannot  be  corrected  by  standard 
radial  keratotomy.  However,  before  these  procedures  can 
be  accepted  clinically,  issues  surrounding  the  possible 
mutagenic  and  carcinogenic  consequences  of  high  in¬ 
tensity  ultraviolet  radiation  as  well  as  questions  concern¬ 
ing  the  non-thermal  versus  thermal  nature  of  the  effects 
must  be  resolved. 

The  photochemical  use  of  porphyrin  dyes  will  be 
discussed  later  in  this  review.  Suffice  it  to  say  that  it  is 
possible  to  sensitize  malignant  ocular  tumors  by  the 
systemic  injection  of  porphyrin  compounds,  and  in  com¬ 
bination  with  630  nm  light,  to  bring  about  their  selective 
destruction  by  photochemistry  (10). 


Plastic  Surgery  and  Dermatology 

Sufficient  experience  has  now  been  accumulated  to 
determine  where  the  laser  has  definite  applications  in 
plastic  surgery  and  dermatology. 

Laser  treatment  of  port-wine  stains  (PWS)  provides  an 
excellent  example  of  the  advancement  of  laser  therapy 
due  to  an  increased  understanding  of  laser-tissue  inter¬ 
actions.  PWS  is  a  congenital  vasculopathy  consisting  of 
an  abnormal  network  of  capillaries  in  the  outer  dermis  with 
an  overlying  normal  epidermis.  If  occurs  most  commonly 
on  the  face  and  neck,  but  may  be  found  anywhere  on  the 
body  in  association  with  systemic  syndromes  (11).  In  the 
treatment  of  PWS,  the  argon  laser  will  pass  through  the 
epidermis  and  then  be  absorbed  by  the  hemoglobin  in  the 
dilated  ectatic  capillaries  in  the  upper  dermis  causing 
thermal  damage  and  thrombosis.  Experience  has  shown 
that  certain  types  of  PWS  respond  better  to  this  treatment 
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I  than  others  Increasing  age.  darker  reddish-purple  color 
1  location  on  the  face  or  neck,  minimal  blanching,  and  no 
|  scarring  effect  on  the  test  site  are  all  good  predictors  of 
j  improved  patientoutcome(12)  Theepidermis  is  not  totally 
|  spared  and  suffers  some  irreversible  damage  Biopsy 
reveals  nonspecific  coagulation  necrosis  of  the  epidermis 
j  and  upper  dermis  which  subsequently  heals  leaving  a 
|  normal  epidermis  and  diffusely  fibrotic  upper  dermis  ( 1 3) 

I  The  test  site  forms  an  eschar  which  is  sloughed  10-14 
days  after  treatment  leaving  the  treated  site  reddened  The 
latter  gradually  fades  until  the  final  cosmetic  result  can  be 
assessed  in  3-6  months.  Results  of  large  clinical  studies 
are  encouraging  but  hypertrophic  scarring  which  occurs 
in  5-16%  of  patients  remains  a  worrisome  complication 
(14,15).  Good  to  excellent  results  with  significant  color 
change  without  scarring  occur  in  50-80%  of  cases,  and 
the  remaining  20-50%  show  minimal  or  no  change  after 
treatment  (I6>.  In  addiiion,  the  hypertrophic  growth  and 
thickening  that  these  lesions  often  develop  may  be 
smoothed  out.  One  study  has  suggested  that  the  COj  laser 
may  also  be  of  value  in  the  treatment  of  PWS  (17). 
Interestingly,  those  patients  predicted  to  respond  poorly  to 
argon  laser  treatment  respond  best  to  CO?  laser  therapy 
(light  colored,  flat,  nonblanchable  PWS).  Treatment  of 
PWS  with  the  C02  laser  consists  of  vaporizing  cell  layer 
after  layer  to  reach  a  depth  where  the  small  ectatic  vessels 
are  vaporized.  Although  further  studies  must  be  done 
before  this  technique  is  widely  accepted,  the  authors 
reported  good  clinical  results  with  the  C02  laser. 

Scarring  is  the  most  frequent  undesirable  result  of  laser 
PWS  treatments  and  it  appears  to  be  largely  related  to  the 
degree  of  epidermal  thermal  damage  (18).  Further  im¬ 
provement  in  treatment  results,  with  reduction  in  scarring 
and  other  side  effects  may.  therefore,  depend  on  the  ability 
to  use  lasers  to  induce  selective  thermal  injury  of  only  the 
abnormal  vessels  or  other  targets  in  the  dermis  while 
sparing  the  normal  overlying  epidermis.  The  pulsed  dye 
laser  at  577  nm,  a  wavelength  well  absorbed  by  the 
targeted  oxyhemoglobin  (HbOj)  molecule  relative  to  other 
optically  absorbing  structures,  causes  highly  selective 
thermal  damage  to  cutaneous  blood  vessels  while  mini¬ 
mizing  the  epidermal  melanin  absorption  (19).  Further¬ 
more,  the  microsecond  pulse  width  produced  by  the  dye 
laser  is  on  the  order  of  the  thermal  relaxation  time  of  the 
tissue.  This  constant  is  defined  as  the  time  that  it  takes  for  a 
target  structure  fo  cool  to  one  half  its  initial  temperature. 
Thus,  if  the  laser  pulse  width  is  suitably  brief,  the  laser 
energy  is  invested  in  the  target  before  much  heat  is  lost  by 
thermal  diffusion  out  of  the  exposure  field.  Shortei  pulse 
durations  confine  the  laser  energy  to  progressively  smal¬ 
ler  targets  with  more  spatial  selectivity  (20).  The  pulsed  dye 
laser  has  been  shown  to  cause  selective  vascular  destruc¬ 
tion  without  damage  to  the  adjacent  overlying  epidermis 
and  surrounding  dermis.  Preliminary  studies  have  shown 
no  clinical  evidence  of  hypertrophic  scarring,  atrophy, 
induration  or  hypopigmentation  if  this  laser  is  used  cor¬ 
rectly  (21 -23). 

j  A  wide  range  of  other  vascular  abnormalities  such  as 
j  hemangioma,  telangiectasia,  lymphangioma,  angiofib- 
j  roma,  angiokeratoma  and  senile  angioma  have  all  bene- 
I  filed  from  treatment  with  the  argon  or  CO?  laser  (24). 

Studies  employing  the  argon.  C02  or  Nd.YAG  laser  for  the 
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removal  of  superficial  telangiectasias  and  vaocosities  of 
the  lower  e*t;eriutv  had  previously  been  diocouragTig  (2rn. 
but  a  recent  repoit  using  both  the  superpulsc-d  CO?  laser 
and  the  Nd  YAG  laser  transmitted  through  a  diffusing  : 
sapphire  tip  did  demonstrate  significant  clinical  improve-  ' 
ments  (25)  : 

Both  the  argon  and  CO?  lasers  have  been  used  to  treat 
the  decorative  tattoo  Successive  layers  of  skin  are  re¬ 
moved  to  expose  the  mtradermal  pigment  which  is  sub¬ 
sequently  vaporized  and  the  wound  allowed  to  heal  by 
re-epithelialization  from  adjacent  skin  and  undamaged  | 
dermal  appendages.  Because  there  is  no  color  selective 
absorption  and  therefore  no  epidermal  sparing,  the  treated 
skin  never  completely  returns  to  normal  and  30-40%  of 
patients  have  hypertrophic  scarring  (27,28).  Patients  must 
be  told  what  fo  expect  but  most  are  relieved  that  the 
original  tattoo  has  been  removed.  j 

Skin  tumors,  both  benign  and  malignant,  have  been 
treated  with  a  variety  of  lasers.  The  CO?  laser  does  have 
the  potential  for  sealing  blood  vessels  and  lymphatics 
permitting  almost  a  “no  touch"  tumor  removal  to  be 
performed.  It  is  possible  that  the  cosmetic  results  in  the 
treated  areas  will  be  superior  to  those  obtained  by  other 
methods  but  conclusive  long  term  studies  have  not  been 
conducted.  Photodynamic  therapy  (PDT)  using  red  light 
and  photosensitizing  dyes  has  also  been  successfully 
used  to  treat  widespread  and  recurrent  head  and  neck 
cutaneous  malignancies  thus  precluding  the  need  for 
multiple,  possibly  deforming  excisions. 

Other  rkin  lesions  such  as  papillomatosis,  rhmopnyma.  ; 
ukin  tags,  solar  keratosis,  seborrheic  keratosis,  xanthe-  | 
tasma,  pyogenic  granuloma,  plantar  and  hand  warts  are  ) 
easily  and  rapidly  vaporized  with  the  CO2  laser.  j 

Preliminary  studies  of  argon  and  CO2  laser  treatment  of 
keloid  scars  have  been  reported  but  no  long  term  benefits 
have  been  observed  (29,30).  However,  one  study  did 
demonstrate  that  removal  of  the  entire  keloid  with  the  ! 
C02  laser  in  conjunction  with  intralesional  injections  of  j 
triamcinolone  (40  mg/ml)  followed  by  compression  dress-  t 
ings  for  3-6  weeks,  resulted  in  50%  of  patients  achieving  1 
an  "acceptable"  suppie,  fa:  scar  without  recurrence  of  the  j 
keloid  (31).  This  form  of  therapy  may  provide  a  novel 
treatment  modality  for  a  disfiguring  and  chronic  condition,  j 


Gynecology 

The  laser  is  increas.ngly  gaining  acceptance  as  the 
surgical  modality  of  caoice  for  a  number  of  gynecologic  | 
clinical  entities.  Gynrcologists  have  established  well  de¬ 
fined  indications  and  treatment  parameters  for  the  safe  j 
use  of  the  C02  lase’ 
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Clinical  evidence  supports  the  conclusion  that  "pre- 
malignant"  cervical  intraepithei'ii  neoplasia  (CIN)  is  a 
progressive  disease  whoso  incidence  is  increasing  in 
young  females  still  in  the  reproductive  stages  ol  life.  It  is. 
therefore,  critical  to  preserve  the  anatomic,  sexual,  and 
reproductive  integrity  of  the  patient.  Results  of  numerous 
studies  have  indicated  that  the  CO*  laser  can  be  used 
effectively  to  eradicate  CIN.  The  treatment  includes  re¬ 
moval  of  the  entire  squamocolumnar  transformation  zone 
to  a  minimum  depth  of  5-7  mm  with  a  2-5  mm  margin 
around  the  lesion.  Patients  with  persistent  disease  can  be 
retreated  without  the  need  for  more  destructive  pro¬ 
cedures.  The  advantages  of  this  technique  are  outpatient 
management  with  little  or  no  local  anesthesia,  minimal 
bleeding  with  rapid  wound  healing  and  anatomical  and 
functional  conservation.  Most  series  now  report  1  -5  years 
follow-up  with  cure  rates  of  76-97%  (32-34).  Intraepithelial 
neoplasia  can  involve  the  vagina  (VAIN)  or  vulva  (VIN)  and 
the  CO*  laser  has  also  been  found  an  effective  treatment 
for  these  sites.  Vaporization  to  eliminate  VAIN  has  resulted 
in  cure  rates  of  70-90%  (35-37).  For  an  upper  vaginal 
lesion,  most  clinicians  vaporize  the  entire  half  of  the 
vaginal  epithelium.  When  the  disease  extends  to  the  lower 
half  of  the  vagina,  the  entire  vagina  is  treated  to  a  depth  of  1 
mm  (38).  The  most  undesirable  side  effects  such  as 
scarring,  vaginal  contracture,  and  patient  discomfort  are 
rare  with  most  patients  returning  to  their  pretreatment 
sexual  behavior  patterns  without  dyspareunia.  The  C02 
laser  has  now  emerged  as  the  treatment  of  choice  for  VIN 
since  cosmetic  appearance  is  of  major  importance  to  the 
patient  and  it  is  far  less  traumatic  than  the  previously  used 
skinning  vulvectomy  which  was  frequently  painful.  Studies 
show  prompt  wound  healing  with  no  adverse  scar  forma¬ 
tion  or  dyspareunia  (39,40). 

Carcinoma  in  situ  of  the  cervix  (CIS)  is  the  precursor  to 
invasive  carcinoma  and  is  the  most  severe  form  of 
gynecologic  precancer.  Laser  conization  of  CIS  can  now 
be  performed  on  an  outpatient  basis  under  local  anes¬ 
thesia  with  an  average  biood  loss  v/<  1 0  ml  as  compared  to 
12C  ml  in  the  conventionally  coned  patients  (41).  Several 
studies  also  have  shown  that  laser  conization  substantially 
reduces  the  risk  of  postconization  stenosis  as  compared 
to  cryosurgery  and  that  the  tissue  specimens  obtained  by 
this  method  are  ample  for  pathological  interpretation 
(42,43).  Vaginal  and  vulvar  carcinoma  in  situ  have  both 
been  shown  highly  responsive  to  C02  laser  vaporization 
which  does  not  produce  significant  anatomic  or  functional 
changes  (44,45). 

Condyloma  acuminata  or  venereal  wart  produced  by  the 
papilloma  virus  is  a  sexually  transmitted  disease  which 
may  be  widespread  and  difficult  to  treat  by  conventional 
techniques.  Extensive  warts  which  may  cover  the  vulva 
and  extend  into  the  vagina  or  anus  can  be  easily  and 
rapidly  vaporized  by  the  CC2  laser  which  has  consistently 
produced  cure  rates  in  excess  of  90%  (46,47).  The  major 
reason  for  recurrence  is  inadequate  follow-up  or  failure  to 
examine  adequately  and  treat  infected  male  partners  (48). 

Recently  the  Nd:YAG  laser  has  been  proposed  for  the 
treatment  of  menorrhagia  by  endometrial  ablation  via  the 
hysteroscope  in  patients  with  excessive  bleeding.  The 
laser  was  used  to  vaporize  the  entire  endometrium  and 


was  successful  in  96%  of  patients  in  whom  other  forms  of 
therapy  faded  or  who  were  otherwise  poor  nsks  for 
hysterectomy  (49) 

Adaptation  of  the  CO2  laser  to  the  operating  microscope  j 
and  laparoscope  has  now  provided  surgeons  with  a  j 
technique  to  ablate,  vaporize  and  excise  a  wide  range  of  ; 
mtra-abdommal  pathology.  Dense  adhesive  bands  can  be  j 
quickly  and  bloodlessly  lysed  by  the  microscopically  j 
directed  laser  beam.  In  the  treatment  of  endometriosis,  use 
of  a  micromampulator  allows  the  laser  beam  to  be  rapidly  j 
swept  over  all  endometrial  implants  with  finite  accuracy 
without  the  need  for  laparotomy.  Numerous  investigators 
have  used  C02  lasers  to  excise  obstructed  oviducts  with 
subsequent  "welding"  of  the  tissues  (50,51 ).  While  conflict¬ 
ing  reports  appear  in  the  literature  concerning  the  in¬ 
cidence  of  post-operative  adhesions  using  these  tech¬ 
niques,  studies  have  documented  increased  tubal  patency 
rates  often  in  patients  who  have  already  failed  other 
treatment  modalities  for  infertility  (52,53). 

A  new  surgical  laser,  the  potassium-titanyl-phosphate 
532  laser  (KTP/532)  produces  a  visible  green  light  beam  at 
a  wavelength  of  532  nm  which  can  easily  be  passed 
through  a  disposable  flexible  fiber  in  the  laparoscope,  has 
recently  emerged  for  gynecologic  use.  Initial  investigation 
of  the  KTP/532  laser  demonstrated  the  effective  laparo¬ 
scopic  vaporization  of  endometrial  implants  without  com¬ 
plications  in  ten  patients  (54).  The  applicability  of  the 
KTP/532  laser  has  also  been  recently  established  in  the 
procedures  of  fimbrioplasty,  pelvic  adhesiolysis  and 
transection  of  the  uterosacral  ligaments  (55).  This  laser 
also  has  the  advantage  of  being  used  in  combination  with 
the  hysteroscope  in  the  treatment  of  septate  uteri,  sub¬ 
mucosal  fibroids  and  benign  polyps  whereas  the  CO*  laser 
cannot  for  technical  reasons. 


General  Surgery  and  Associated  Subspecialties 

Although  surgery  is  considered  to  be  the  most  aggres¬ 
sive  medical  discipline,  general  surgeons  have  been  the 
last  specialty  group  to  widely  embrace  the  laser.  Sufficient 
experience  has  been  accumulated  to  determine  that  the 
laser  can  be  a  useful  tool  in  many  general  surgical 
procedures.  Certainly  in  those  procedures  where  major 
blood  loss  is  expected,  the  C02  laser  with  its  ability  to  seal 
intra-operatively  blood  vessels  less  than  1  mm  in  diameter, 
thus  reducing  blood  loss  and  post-operative  morbidity,  is 
clearly  advantageous  (56,57).  The  Nd:YAG  laser  is  now 
gaining  acceptance  for  us*.  in  the  debulking  of  large 
vascular  tumors,  partial  splenectomies  and  liver  resec¬ 
tions  (58).  Contact  probes  developed  from  synthetic 
sapphire  crystals  for  Nd:YAG  laser  have  been  used 
successfully  in  liver  and  pancreatic  resections.  The  optical 
properties,  geometric  design,  and  thermal  conductivity  of 
these  sapphire  probes  may  be  more  effective  than  the 
current  conventional  noncontact  method  of  delivering 
laser  energy  through  a  quartz  fiber.  Potential  advantages 
include  greater  precision,  sterilizability,  avoidance  of  tip 
melting  3nd  a  requirement  for  lower  Nd:YAG  laser  energy 
with  reduced  tissue  damage  (59,60). 


j  In  the  case  of  malignant  disease  where  it  is  highly 
!  desirable  to  perform  en  bloc  excision  of  the  primary  tumor 
,  including  the  surrounding  lymph  nodes,  the  CO,-  laser's 
l  ability  to  seal  lymphatics  and  tissue  planes,  makes  it 
j  pcssible  to  perform  precise  removal  of  cancerous  tissue 
I  with  maximum  normal  tissue  preservation  and  minimal 
i  mechanical  damage.  This  allows  the  surgeon,  m  some 
'  cases,  to  perform  a  less  radical  excision  while  at  the  same 
J  time  preventing  seeding,  disseminat.on,  and  recurrence  of 
the  tumor  (61)  Additionally,  photodynamic  therapy  (see 
below)  with  porphyrins  in  combination  with  630  nm  light 
can  be  used  to  destroy  malignant  tissue  selectively. 
Furthermore,  exposure  to  blue/violet  light  will  cause  these 
photosensitizers  to  fluoresce  and  this  property  can  be 
used  to  localize  sites  of  malignancy  not  identifiable 
grossly. 

A  consideration  in  every  surgical  subspecialty  is  the 
excision  of  highly  infected  tissues.  The  ability  of  the 
C02  laser  to  excise  gangrene  and  ducubitus  ulcers  while 
at  the  same  time  sterilizing  the  surgical  field  of  bacteria 
and  viruses  has  been  particularly  well  demonstrated  (62). 

Another  area  in  general  surgery  where  the  laser  has 
been  shown  effective  is  in  the  palliative  treatment  of 
obstructive  endotracheal /bronchial  (63,64)  and  esopha¬ 
geal  (65)  malignancies,  in  which  the  NdYAG  laser  beam 
passed  endoscopically,  was  used  to  vaporize  the  obstruct¬ 
ing  tumor.  Treatments  may  be  repeated  and  in  the  case  of 
bronchial  malignancy,  follow-up  bronchoscopy  is  needed 
to  remove  necrotic  tumor  by  suctioning. 

Acute  bleeding  from  the  upper  gastrointestinal  tract  has 
been  controlled  by  photocoagulation  with  the  Nd:YAG  (66) 
and  argon  (56)  lasers  with  a  significant  reduction  in  the 
rate  of  rebleeding.  Bleeding  from  a  variety  of  lesions 
including  esophageal  varices,  Mallory-Weiss  tears,  gas¬ 
tric  and  duodenal  ulcers,  and  vascular  malformations 
such  as  the  telangiectasia  of  Osier- Weber- Rendu  have 
been  successfully  controlled  with  lasers  although  further 
studies  are  needed  to  determine  the  optimum  treatment 
parameters.  Laser  therapy  is  especially  useful  in  those 
patients  with  massive  hemorrhage  who  are  at  high  risk 
because  of  concurrent  cardiac,  pulmonary  or  renal 
pathology.  The  complication  of  acute  or  delayed  bowel 
perforation  which  may  occur  2-4  days  post-procedure 
remains  the  principal  risk.  Recently  numerous  reports  on 
the  uses  of  both  the  CO?  and  Nd:YAG  lasers  for  hemor¬ 
rhoidectomy  with  good  results  have  appeared  in  the 
literature  (60,67).  These  studies  suggest  that  there  i  s  faster 
healing,  less  bleeding,  less  pain,  less  scarring  and  fewer 
complications  following  laser  surgery.  However,  results 
are  still  very  preliminary  and  not  consistent  for  all  patients! 

In  urology,  Nd:YAG  lasers  have  been  shown  useful  in  the 
treatment  of  superficial  malignant  bladder  tumors.  In  the 
management  of  urethral  stricture  where  recurrence  is 
common  after  dilatation,  results  so  far  have  been  contro¬ 
versial.  The  use  of  the  COj  laser  in  the  treatment  of 
condyloma  acuminata  has  already  been  discussed  in  the 
section  on  gynecology,  but  other  premalignant  or  ma¬ 
lignant  lesions  of  the  penis  such  as  penile  dysplasia, 
carcinoma  in  situ  and  penile  cancer  can  be  treated  with 
either  the  CO}  or  Nd:YAG  laser  with  excellent  cosmetic 


results  (68)  Patients  with  ureteral  calculi  present  a  difficult  • 
and  often  challenging  therapeutic  problem  Attempts  to 
use  laser  generated  shock  waves  to  destroy  ureteral 
stones  by  conversion  of  light  energy  mto  heat  and  shock-  j 
wave  energy  at  the  target  surface  and  thereby  fragment 
them,  have  to  date  produced  encouraging  results  (69.70) 
Detaileo  studies  on  fragmentation  effectiveness  in  vivo  at  • 
various  energy  levels  and  pulse  durations  as  well  as 
studies  of  the  secondary  effects  on  the  ureter  have  yet  to  ! 
be  reported  j 

In  neurosurgery,  a  wide  range  of  tumors  including  1 
gliomas,  astrocytomas  and  metastases  have  been  re-  I 
moved  with  vaporization  of  the  tumor  cavity  with  either  the 
CO?  or  Nd:YAG  laser.  It  has  been  shown  in  most  cases  that 
the  operative  exposure  and  need  for  retraction  are  re¬ 
duced  as  are  the  operative  time  and  intraoperative  blood 
loss  (71).  Some  pituitary  tumors  have  been  removed  with 
the  CO}  laser  via  the  transfrontal  route  or  through  the 
transsphenoidal  route  using  the  Nd:YAG  laser.  A  small 
number  of  cases  have  been  reported  where  Nd  YAG 
lasers  were  helpful  in  the  surgical  management  of 
arteriovenous  malformations  (72).  The  feeding  vessels 
were  initially  coagulated,  divided,  and  the  malformation 
removed.  The  argon  laser  has  been  shown  useful  in  the 
excision  of  small  (less  than  3  cm),  moderately  vascular, 
critically  located  lesions  such  as  angiomas,  low -flow 
arteriovenous  malformations  and  hemangioblastomas  of 
the  brainstem  (73).  Results  with  photodynamic  therapy 
(see  below)  in  neurosurgery  have  so  far  been  discourag¬ 
ing  although  removal  of  the  tumor  by  conventional  m»ans 
followed  by  POT  of  the  tumor  bed  could  theoretically  be 
helpful.  I 

In  otolaryngology,  the  C02  laser  can  be  used  to  remove 
congenital  and  post-traumatic  stenoses  of  the  larynx  and 
upper  aerodigestive  tract  with  excellent  hemostasis  al¬ 
though  recurrence  of  the  scar  tissue  remains  a  problem.  In 
addition,  the  C02  laser  has  become  the  treatment  of  choice 
for  respiratory  papillomatosis.  Undoubtedly,  the  laser's 
greatest  contribution  to  this  field  is  in  the  early  removal  of  j 
vocal  cord,  laryngeal  and  oropharyngeal  carcinomas 
without  the  need  for  more  radical  surgery.  In  advanced 
cases,  tumor  bulk  can  be  reduced  which  may  contribute  to  1 
the  success  of  other  therapeutic  modalities.  In  removal  of 
leukoplakia  and  orher  premalignant  lesions  of  the  oral 
cavity,  the  laser  vacorizes  pathological  mucosa  identified 
by  staining.  Post-operative  wound  healing  is  slow  but 
subsequent  biopsies  indicated  good  removal  of  the 
lesions.  Small  lesions  of  the  mouth  and  tongue  may  also  be 
easily  excised  by  the  CO*  laser  with  minimal  blood  loss. 
The  Nd:YAG  laser  can  be  used  to  reduce  bleeding  from 
extensive  hemangiomas  and  lymphangiomas  without 
great  loss  of  functional  tongue  mass  (74). 


In  orthopaedics  where  joint  replacement  surgery  can 
lead  to  excessive  blood  loss,  the  C02  laser's  ability  to  seal 
vessels  as  it  cuts  through  muscle  tissue  is  impressive  (75). 
Current  research  is  focused  on  the  development  of  laser 
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systems  to  cut  bone  and  remove  bone  cement  inserted 
into  artificial  joints  A  recent  study  suggested  the  feasibility 
of  using  a  mid-infrared  Erbium  YAG  laser  (2  94  urn)  to 
ablate  both  bone  and  methacrylate  with  minimal  thermal 
damage  to  ad.acent  tissue  (76). 


Photodynamic  Therapy 

The  attack  on  cancer  with  drugs  is  based  upon  the 
ihesis  that  it  should  be  possible  to  discriminate  against 
cancer  cells  while  having  only  few  or  tolerable  effects  on 
normal  cell  populations.  While  many  compounds  have 
been  screened  for  such  activity  over  the  past  forty  years, 
unfortunately  most  solid  cancers  respond  either  not  at  all, 
or  to  a  limited  extent  only,  to  these  selective  agents. 

Photodynamic  therapy  (PDT)  by  exposure  of  certain 
dyes  to  visible  light  has  been  studied  since  the  beginning 
of  this  century.  The  basic  concept  for  the  use  of  PDT  in  the 
treatment  of  malignant  tumors  is  that  certain  molecules 
(natural  or  applied)  can  function  as  photosensitizers.  The 
presence  of  these  photosensitizers  in  certain  tumor  cells 
makes  the  latter  vulnerable  to  light  at  wavelengths  ab¬ 
sorbed  by  the  chromophore.  The  action  of  photosen¬ 
sitizers  is  generally  to  absorb  photons  of  the  appropriate 
wavelength  and  intensity  sufficient  to  elevate  the  sen¬ 
sitizer  to  an  excited  state.  The  excited  photosensitizer 
subsequently  reacts  (transfers  its  energy)  with  a  molecular 
substrate,  such  as  oxygen,  to  produce  highly  reactive 
singlet  oxygen  which  causes  irreversible  oxidation  of 
some  essential  cellular  component.  Uncertainty  arises  as 
to  the  exact  targets  of  these  excited  intermediates  re¬ 
sponsible  for  cell  death  although  damage  to  the  cell 
membrane,  mitochondria,  lysosomes,  microsomes  and 
the  nuclear  material  have  all  been  reported 

While  numerous  compounds  have  been  tested  as  selec¬ 
tive  photosensitizers  of  malignant  cells,  considerable 
interest  in  the  porphyrins  was  stimulated  by  early  reports 
on  inherent  porphyrin  fluorescence  in  large  malignant 
tumors  (77).  While  several  porphyrins  have  been  studied, 
hematoporphyrin  derivative  (HpD)  has  r^ceived  the  most 
i  attention  (78).  Although  the  mechanism  of  HpD’s  prefer¬ 
ential  localization  and  retention  in  malignant  cells  remains 
uncertain,  it  is  well  established  that  the  total  time  HpD  is 
j  retained  in  malignant  tissue  is  much  longer  than  in 
nonmalignant  tissue  from  which  U  is  generally  cleared  in 
24-72  hours  (79).  As  a  result,  there  is  a  ‘'window"  of  time 
wherein  one  can  exploit  the  differences  in  HpD  concentra¬ 
tion  to  achieve  selective  photodegradation  of  m  ilignant 
tissue. 

Clinically,  PDT  is  carried  out  by  a  two-step  procedure. 
HpO  is  first  administered  intravenously  as  a  2-5  mg/kp 
bolus.  After  a  delay  of  24-72  hours  (to  allow  for  tne 
accumulation  of  HpD  in  the  tumor  and  for  the  clearing  from 
most  normal  tissues),  the  tumor  is  irradiated  with  visible 
red  light  tuned  to  630  nm.  The  radiation  is  generally 
obtained  from  an  argon-pumped  dye  laser  although  more 
conventional  light  sources  have  been  shown  effective. 
The  light  may  be  delivered  to  the  surface  of  the  tumor, 
interstitially  via  optical  fibers  or  endoscopically  to  deep 


tumors  of  the  digestive,  pulmonary,  or  urogenital  tract. 
Topical  application  of  HpD  has  also  been  proposed  but 
only  preliminary  results  have  been  repor'ed  (80).  Shortly 
after  PDT,  the  tumor  becomes  necrotic  (usually  within  24 
hours)  and  when  effectively  treated,  forms  a  nonpalpable 
scab,  sloughed  off  within  a  few  days.  Histologically,  the 
earliest  changes  occur  in  and  around  the  tumor  vas¬ 
culature.  Apparent  internal  hemorrhage  with  red  blood  cell 
extravasation  is  a  common  finding  after  PDT,  not  only  in 
most  experimental  animal  tumors  but  in  tumors  in  patients 
as  well  (81 ).  Furthermore,  another  study  suggests  that  the 
effects  of  PDT  are  not  the  result  of  direct  tumor  cell  kill,  but 
are  secondary  to  destruction  of  the  tumor  microvas¬ 
culature  (82).  Binding  of  photosensitizers  to  collagen  and 
other  fibers  in  the  subendothelial  zone  of  the  tumor  vessel 
wall,  in  combination  with  altered  permeability  and  trans¬ 
port  through  the  endothelial  cell  layer  resulting  from 
erythrocyte  swelling  and  increased  intraluminal  pressure, 
may  be  the  key  features  of  the  dye-sensitized  photo¬ 
dynamic  reaction  leading  to  tumor  destruction. 

HpD-PDT  has  been  shown  effective  in  causing  photo¬ 
degradation  of  tumor  tissue  in  experimental  animal 
systems  since  1972  (83)  and  in  clinical  trials  since  1976 
(78,84,85).  A  wide  variety  of  tumors  with  varying  histologic 
types  have  been  treated,  including  cancers  of  the  skin  (86), 
female  genital  tract  (87).  esophagus  (88),  lung  (89),  bladder 
(90),  eye  (91).  breast  (92).  head  and  neck  squamous  cell 
carcinomas  (93).  The  overall  positive  response  rate  as 
reported  in  the  literature  is  greater  than  70%  (88).  The  high 
therapeutic  ratio  and  relative  lack  of  morbidiiy  nave  made 
this  a  very  attractive  form  of  therapy.  Treatment  para¬ 
meters  have  been  refined  such  that  therapy  can  be 
undertaken  with  a  reasonable  expectation  of  good  results. 
While  PDT  can  be  used  to  eradicate  relatively  large 
tumors,  it  appears  to  be  especially  advantageous  to 
patients  with  early  disease  or  early  recurrence.  In  some 
cases  this  therapy  may  be  a  viable  alternative  to  de¬ 
bilitating  surgery,  and  in  others,  the  treatment  of  choice.  In 
addit'on,  previous  surgery,  radiation  therapy,  or  chemo¬ 
therapy  do  not  preclude  the  use  of  POT  and  many  of  the 
clinical  studies  reported  to  date  have  been  on  patients 
who  have  previously  failed  seme,  or  al‘  other,  available 
therapies. 

The  fluorescent  properties  of  HpD  can  also  be  used  in 
the  detection  and  localization  of  tumors  not  detected  by 
more  conventional  techniques.  Studies  have  shown  that 
HpD  fluorescence  induced  by  the  blue/violet  405  nm  light 
of  the  krypton  laser  can  be  used  successfully  to  detect 
occult  lung  tumors  (94)  and  delineate  dysplasia  and 
tumors  in  the  bladder  (95).  In  these  clinical  trials,  the 
exciting  light  was  delivered  via  a  single  quartz  fiber  in  the 
biopsy  channel  of  a  bronchoscope  or  cystoscope  fitted 
with  appropriate  filters  and  an  image  intensifier  to  observe 
the  fluorescing  (red)  light  which  can  be  directly  observed 
and  recorded.  Normal  mucosa,  and  tumors  in  patients  not 
receiving  HpD,  were  seen  not  to  be  fluorescent 

Despite  HpD’s  broad  experimental  application  in  clin¬ 
ical  oncology,  efforts  have  been  hampered  by  the  lack  of  a 
complete  understanding  of  what  active  component  in  the 
HpD  molecule  is  responsible  for  tumor  uptake,  retention, 
fluorescence  and  photosensitization.  Even  with  apparent- 


y  pure  preparations  of  the  individual  HpD  components, 
impurities  have  often  complicated  the  interpretation  of 
data.  The  active  component  has  been  described  as  a 
structural  isomer  o!  dihematoporphynn  ether  (96)  or  ester 
(97).  Furthermore,  me  component  responsible  for  photo¬ 
chemistry  is  not  necessarily  the  same  as  the  component 
responsible  for  fluorescence  (98)  Even  though  there  is  an 
increased  tumor  neighboring  tissue  porphyrin  content 
ratio  following  HpD  administration,  the  amount  retained  by 
normal  tissues  such  as  skin,  liver,  spleen  and  kidney  is 
clinically  significant.  The  major  drawback  of  this  therapy  is 
the  potential  for  drug-induced  sensitivity  to  sunlight.  This 
effect  is  not  trivial  and  may  result  in  complications  rangi  ng 
from  slight  erythema  and  edema  to  extensive  skin  slough¬ 
ing  and  necrosis.  The  foregoing  problems  as  well  as  a 
relatively  weak  porphyrin  absorption  band  and  low  tissue 
transparency  a  630  nm,  have  resulted  in  considerable 
effort  being  devoted  to  developing  new  and  more  effective 
tumor  localizing  photosensitizers  for  PDT. 

There  is  a  recent  report  on  the  use  of  a  chlorin  com¬ 
pound,  mono-L-aspartyl  chlorin,  as  a  photosensitizer  for 
selective  tumor  necrosis  (99).  The  chlorins  are  known  to 
have  strong  absorption  bands  with  high  molar  extinction 
coefficients  at  wavelengths  longer  than  650  nm  thus  pro¬ 
viding  an  advantage  over  the  lower  tissue  penetrance  of 
630  nm  light  used  for  HpD.  Chlorin  in  combination  with 
light  at  664  nm  was  shown  to  be  an  effective  tumor 
localizer  and  photosensitizer  in  Balb-C  mice  inoculated 
with  EMT-6  tumor.  Furthermore,  it  was  suggested  that  this 
compound  may  not  be  retained  in  high  skin  concentrations 
thus  minimizing  the  photosensitivity  associated  with  HpD. 

The  phthalocyanines,  used  as  industrial  dyes  and  pig¬ 
ments,  are  porphyrin-like  compounds  capable  of  localiz¬ 
ing  and  photosensitizing  malignant  tumors.  These  com¬ 
pounds  are  easily  synthesized  and  purified  and  exhibit 
strong  absorption  in  the  650-700  nm  range  (100).  The 
metal  atom  complexed  with  the  phthalocyanine  ring  is 
critical  and  studies  have  demonstrated  that  aluminum 
phthalocyanine  (AlPc)  is  the  most  active  photosensitizer 
(101).  AlPc  contains  a  mixture  of  isomers  with  varying 
degrees  of  sulfonation  and  the  relationship  between 
degree  of  sulfonation  and  tumoricidal  activity  is  still  under 
study.  AlPc  has  been  shown  active  in  vitro  and  in  vivo  and, 
in  at  least  one  study,  not  to  induce  skin  damage  in  the 
presence  of  ambient  light  (102). 

While  the  studies  on  chlorins  and  phthalocyanines 
i  appear  promising,  they  are  still  at  an  early  stage.  Neither  of 
1  these  compounds  has  been  tested  in  humans  and  HpD 
j  remains  the  clinical  standard  for  comparison.  The  greater 
tissue  penetrance  of  the  longer  wavelength  and  the 
reduced  residual  skin  photosensitivity  give  these  com- 
j  pounds  decided  advantages  over  HpD.  However,  un¬ 
answered  questions  concerning  these  compounds  in- 
j  elude  delineation  of  light  and  drug  dosimetry  parameters, 
j  mechanism  of  tumor  uptake  and  retention,  as  well  as 
|  possible  uptake  in  other  organ  systems.  It  is  hoped  that 
I  future  investigations  will  address  these  critical  questions 
so  that  the  role  of  other  potential  photosensitizing  com- 
|  pounds  in  the  management  of  cancer  can  be  fully  defined. 


Laser-Assisted  Microsurgical  Anastomosis 

Since  it  had  been  demcmstr  ited  that  the  laser  can  seal 
small  blood  vessels,  lymphatics,  alveoli,  renal  tubules  ard  ; 
bile  canahculi,  it  became  a  logical  clinical  extension  that  if  ■ 
treatment  parameters  could  be  refined,  the  laser  might  be  j 
used  to  anastomose  or  "weld"  tissues  together 

Various  techniques  have  been  utilized  to  perform  laser 
assisted  microsurgical  anastomosis  (LAMSA)  and  suf¬ 
ficient  data  has  now  been  generated  to  make  the  following  i 
general  observations.  Laser  welding  occurs  at  power  ex¬ 
posures  much  lower  than  those  required  to  coagulate  or 
cut  tissue.  Grossly  apparent  tissue  changes  associated 
with  a  good  thermal  weld  include  an  apparent  "drying"  of 
the  tissues.  Brown  discolorization  or  charring  and  circum¬ 
ferential  constriction  of  the  structure  at  the  anastomotic 
site  should  be  avoided  as  they  reflect  extensive  thermal 
damage.  Tight  abutment  of  the  severed  ends  and  good 
apposition  of  the  entire  circumference  of  the  structures  to 
be  welded  are  crucial  to  success.  Loose  apposition  will 
lead  to  inadequate  fusion  which  will  result  in  leaks. 
Precision  in  the  delivery  of  the  laser  energy  is  paramount. 
Power  and  the  spot  size  must  be  well  controlled.  The 
power  needed  to  obtain  the  best  anastomosis  depends 
upon  the  inherent  nature  of  the  tissues  to  be  welded  and 
their  thickness.  Although  the  mechanism  of  laser  welding 
is  not  completely  understood,  it  seems  likely  that  the  heat 
generated  by  the  laser  causes  protein  denaturation  allow  - 
ing  the  seal  of  the  wound  edges.  It  is  also  possible  that 
activation  of  the  tissue  reactions  necessary  for  normal 
wound  healing  such  as  fibrin  clot  formation  may  be 
involved. 

Although  numerous  researchers  have  attempted  to 
weld  many  different  kinds  of  tissue  together,  the  largest 
volume  of  data  has  been  published  on  the  laser  welding  of 
small  blood  vessels  (103,104,105).  Controlled  animal 
studies  show  that  laser  assisted  microvascular  anasto¬ 
moses  have  the  potential  advantages  of  reduced  operative 
time,  less  trauma  due  to  less  mechanical  manipulation  of 
the  vessel  which  should  reduce  the  chance  of  thrombosis, 
and  elimination  of  the  foreign  body  response  to  suture 
material.  Furthermore,  laser  energy  can  be  delivered 
precisely  through  optical  fibers  via  the  operating  room 
microscope.  The  largest  published  senes  (1 06)  on  vessels 
with  a  mean  diameter  of  1.2  mm  show  that  the  wound 
healing  originates  in  the  adventitial  and  perivascular 
tissues  and  progresses  towards  the  lumen.  Endothelializa- 
tion  begins  about  5  days  after  welding  and  is  complete  at 
2-3  weeks.  The  tensile  strength  of  the  laser  weld  when 
compared  to  conventionally  sutured  anastomoses  is 
weaker  in  the  first  2  weeks  after  surgery,  but  by  3  weeks  is 
comparable  to  the  intact  vessel  and  may  be  stronger  than 
the  sutured  anastomoses.  The  overall  incidence  of  aneu¬ 
rysm  formation  (7%)  and  patency  rates  (95%)  were  com¬ 
parable  to,  or  even  better  than,  those  reported  using 
various  conventional  suture  techniques.  The  application 
of  laser  assisted  microsurgical  anastomosis  to  large 
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arteries  and  veins  requires  further  s.udy  to  define  the 
surgical  techniques  and  laser  parameters  necessary  to 
obtain  the  best  results. 

Microanastomoses  of  other  structures  such  as  vas 
deferens  (107),  bowel  (108),  skin  (109)  and  fallopian  tube 
(110)  have  been  shown  to  be  practical  but  conclusive  long 
term  studies  are  not  yet  available. 


Cardiovascular 

The  nonsurgical  approaches  to  hemodynamically  sig¬ 
nificant  cardiovascular  obstruction  have  gained  wide¬ 
spread  popularity  since  >  ie  advent  of  percutaneous  bal¬ 
loon  angioplasty.  Although  angioplasty  is  usually  effective, 
there  is  a  significant  rate  of  ecurrence  that  approaches 
30-40%  in  some  scries  (111,112).  Furthermore,  it  is  not 
useful  in  cases  of  total  obstruction  unless  the  catheter  can 
be  passed  mechanically  through  the  occluded  area.  The 
impetus  in  the  field  has.  therefore,  been  redirected  at 
developing  new  ways  to  treat  such  obstructions  by  de- 
bulking  and  removing  atheromatous  material.  The  laser 
beam,  which  can  be  delivered  precisely  through  optical 
fibers  passed  via  vascular  catheters,  is  theoretically  a 
suitable  instrument  to  open  obstructive  lesions  within  the 
vascular  tree.  Thus,  laser  angioplasty  may  have  the  follow¬ 
ing  possible  roles:  (1)  to  decrease  the  incidence  of 
restenosis  by  either  removing  the  bulk  of  the  atheromatous 
plaque  or  leaving  behind  a  smoother  intimal  surface,  and 
(2)  to  enhance  the  ability  to  recanalize  lesions  that  are 
difficult  or  impossible  to  treat  by  conventional  balloon 
angioplasty.  Although  the  concept  of  laser  angioplasty  is 
relatively  new,  investigation  of  potential  cardiovascular 
applications  of  lasers  is  being  pursued  at  several  centers, 
but  most  procedures  are  still  experimental. 

Laser  radiation  generated  in  the  infra-red,  visible  and 
ultraviolet  regions  of  the  spectrum  has  been  demonstrated 
to  vaporize  atherosclerotic  plaque  both  in  vitro  and  in  situ 
in  post-mortem  specimens  (1 1 3,1 14,1 1 5).  However,  where 
there  is  plaque  ablation,  the  transfer  of  heat  energy  due  to 
thermal  conduction  and  dissipation  may  occur  into  the 
adjacent  normal  vessel  wall.  Although  the  immediate 
effects  of  laser  induced-arterial  wall  injury  are  obvious,  the 
long  term  effects  are  unknown.  If  this  technique  is  to 
achieve  widespread  clinical  use,  this  important  question 
must  be  answered.  It  is  hoped  that  if  the  treatment 
parameters  can  be  refined  such  that  plaque  removal  can 
be  accomplished  without  damaging  the  normal  vessel 
wall,  the  principal  complication  of  atherolysis,  perforation 
of  the  underlying  wall,  might  be  readily  avoided. 

One  way  to  improve  the  therapeutic  index  might  be  to 
sensitize  the  atheromatous  plaque  with  a  photodynamic 
compound  activated  by  laser  light  Several  compounds 
including  tetracycline  and  hematoporphyrin  derivative 
(HpO)  have  been  studied  but  the  results  to  date  have  been 
inconclusive  (1 16,1 1 7).  One  study  demonstrated  that  HpO 
sensitized  atheroma  could  be  surgically  excised  (endar¬ 
terectomy)  with  less  laser  energy  than  non-sensitized 
atheroma  (118). 


With  the  development  of  flexible  fiberoptics  (ngt 
argon  laser  was  the  first  laser  to  be  used  both  exo^i*t 
mentally  and  clinically  for  laser  angioplasty,  it  has  jv?*  '■ 
been  demonstrated  in  several  clinical  trials  (120 1211  thin  - 
percutaneous  transluminal  argon  laser  angioplasty  canbli 
safely  performed  in  humans  and  can  establish  patency  to 
occluded  peripheral  vessels,  especially  in  the  lower  ex. 
tremities.  Despite  the  fact  that  the  laser  fiberoptic  was 
positioned  in  the  center  of  the  arterial  lumen  inside  an 
angiographic  or  balloon  angioplasty  catheter,  there  wai 
still  a  1 5-20%  incidence  of  vessel  perforation.  Angioscopy 
has  been  proposed  as  one  technique  to  avoid  this  hazard. 
However,  in  one  study  (122)  with  direct  angioscoole 
visualization  of  peripheral  vascular  lesions  during  laser  ’ 
therapy,  there  was  actually  a  higher  incidence  of  vassal* 
perforation  compared  to  previous  studies  where  the  fluorori 
scopic  approach  was  used. 

In  addition  to  the  hazard  of  perforation,  in  vivo  lasaP 
angioplasty  has  been  limited  by  the  fact  that  the 
canalized  channels  produced  by  the  laser  were  too 
narrow  resulting  in  poor  long  term  patency.  Recently 
introduced  has  been  a  laser-heated  metallic-capped 
fiberoptic  device  in  which  the  argon  laser  energy  is  coiv 
verted  to  thermal  energy  in  the  enclosed  cap  of  the  fiber* 
optic  (123).  When  brought  into  contact  with  athero¬ 
sclerotic  plaque,  the  laser  cap  conducts  its  heat  to  the 
plaque,  so  that  no  laser  light  is  actually  emitted.  Studies 
have  shown  a  lower  incidence  of  perforation  and  greater 
angiographic  success  when  compared  with  direct  argon 
laser  vaporization  even  in  patients  with  lesions  that  were 
considered  difficult  or  impossible  to  treat  by  convntional 
means  (124,125).  In  this  initial  series,  the  perforation  rate 
was  less  than  2%.  Furthermore,  when  compared  to  con¬ 
ventional  balloon  angioplasty,  laser  thermal  angioplasty 
resulted  in  significantly  less  stenosis  and  a  larger  patent 
vessel  lumen  documented  by  angiogram  4  weeks  post¬ 
procedure. 

Even  more  impressive  is  a  report  of  laser  thermal  angio¬ 
plasty  in  successfully  recanalizing  coronary  arteries  in  7  of 
8  patients  with  severe  angina  and  high  grade  (80-90%) 
stenosis  in  the  relatively  straight  proximal  or  mid  portion  of 
the  vessels  (1 26).  While  this  report  is  promising,  it  must  still 
be  cautioned  that  no  long  term  benefit  has  yet  been  proven 
and  therefore  coronary  laser  angioplasty  remains  an  ex¬ 
perimental  modality.  At  this  stage,  it  is  only  reasonable  to 
suggest  that  the  application  of  laser  technology  to  re¬ 
canalize  coronary  vessels  has  great  potential  especially  in 
those  patients  with  medical  conditions  that  would  pre¬ 
clude  major  surgery.  Further  research  is  needed  to  under¬ 
stand  the  energy  ranges  required  to  vaporize  plaque  and 
still  avoid  vessel  perforation. 

The  ability  of  the  excimer  laser  to  remove  predictable 
amounts  of  surface  material  with  microscopically  sharp 
edges  and  without  associated  thermal  damage  to  adjacent 
tissue,  led  to  the  suggestion  that  this  laser  could  have 
important  cardiovascular  applications.  In  vitro  and  in  vivo 
studies  have  demonstrated  that  excimer  lasers  at  several 
ultraviolet  wavelengths  can  cut  precise  craters  in  vascular 
atheromatous  plaque  (127).  Of  technological  importance 
is  the  development  of  a  suitable  fiber  optic  to  deliver 
ultraviolet  laser  energy  percutaneously  to  an  obstructed 
blood  vessel.  It  is  very  difficult  to  transmit  short  laser  pulses 


.  rc<3  by  excimer  lasers  through  optical  fibers:  the 
.  1V  Dui«e  the  higher  the  peak  pulse  power  and  the 
,s  t,ber  damage  This  problem  is  compounded 
T’^e  wcmei  laser  because  the  shorter  and  more 
*'• ,  A  1veiengths  are  increasingly  absorbed  by  quartz, 

'  °  ,iiv  in  me  presence  of  impurities.  Lengthening  the 

,'ViH"‘  Vath  relaxes  the  fiber  requirements,  and  it  is  now 

*  ■,V«"bie  to  transmit  up  to  40  mJ  per  pulse  through  fibers  at 
,v  v  eienqth  of  308  nm  which  has  been  shown  to  produce 
'\*  mon  of  plaque  in  human  cadaver  arteries  (128).  Pre- 

,,‘mrv  reports  now  indicate  that  excimer  laser  recanal:- 

*  ,|l0n  can  be  achieved  in  experimentally  occluded  canine 

es  (129)  and  in  human  peripheral  arterial  occlusion 

*  1 30) 

Open  laser  endarte-ectomy  which  allows  the  mvesti- 
untor  to  visualize  the  alignment  of  the  fiber  optic  with  the 
pinque  has  also  been  studied.  The  optimal  site  for  removal 
of  atherosclerotic  plaque  is  a  plane  located  within  the 
media  (after  removing  the  intima  and  internal  elastic 
mmina)  which  cannot  bo  accurately  determined  by  trans¬ 
luminal  angioplasty.  Open  laser  endarterectomy  which 
allows  in  vivo  evaluation  of  plaque  removal  has  been 
shown  to  leave  a  smooth,  even  surface  within  the  media 
without  complications.  The  open  endarterectomy  pro¬ 
cedure  also  offers  the  advantage  of  allowing  the  surgeon 
to  "weld"  the  laser  endpoints  to  the  media  to  ensure  a 
secure  and  smooth  transition  zone  leading  to  less  throm¬ 
bus  formation  (131). 

Other  cardiovascular  applications  of  the  laser  have 
been  reported,  such  as  definitive  cure  of  drug  resistant 
tachyarrhythmias  with  the  argon  (132)  and  Nd:YAG  (133) 
lasers  by  photoablation  of  abnormal  conduction  tissue 
within  the  heart.  The  laser  has  also  been  used  to  create 
atnal  septostomy  in  patients  with  congenital  heart  defects, 
calcified  aortic  valvuloplasty  as  well  as  myotomy  to  relieve 
hypertrophic  cardiomyopathy  and  idiopathic  hypertrophic 
subaortic  stenosis. 
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BIOLOGICAL  STUDIES  ON  THE  FREE  ELECTRON  LASER.  Michael  V. 
Berns* ,  William  Bewley**,  Luis  R.  Elias**,  and  Vi  cent 
.Jaccarino** .  *Beckman  Laser  Institute,  University  of 
California,  Irvine,  Irvine,  CA  92717  and  **Depar  aent  of 
Physics,  University  of  California,  Santa  Barbara  Santa 
Barbara,  CA  93106  . 

Preliminary  biological  experiments  have  been  performed  on 
the  free  electron  laser  at  UCSB.  The  biologica  -  system 
was  rat  kangaroo  kidney  epithelial  cells  growir.  ;  in  Rose 
culture  chambers  on  0.3  mm  thick  fused  silica  c  quart/: 
windows.  The  cells  were  exposed  to  the  laser  beam 
entering  from  the  window  surface  with  no  water  interface 
between  the  cells  and  the  window.  All  initial  experiments 
were  conducted  with  FEL  operating  at  200  ura,  2  usee  pulse 
duration,  and  0.5  -  3  kW  per  pulse.  Beam  profiles  for  the 
laser  emission  was  determined  prior  to  each  experiment  and 
revealed  an  energy  profile  that  demonstrated  that  7  5%  of 
the  energy  was  contained  in  a  .5  cm  diameter  spot  in  the 
center  of  an  overall  2.5  cm  diameter  spot  at  the  culture 
surface.  Transmission  through  the  silica  and  quartz 
windows  were  65%  and  95%  respectively.  Cultures  were 
■  exposed  to  from  1-200  pulses,  and  followed  for  up  to  48 
i  hours  during  which  time  cells  were  incubated  in  tritiated 
thymidine  ( concent  rat  ion  2.5  uCi/ml  with  specific  activity 
60  Ci/mmole  for  48  hours),  and  tritiated  uridine 
(concentration  1.0  mCi/ml  witn  specific  activity  17 
Ci/mmole  for  18  hours).  Autoradiography  was  performed  and 
the  degree  of  labeling  compared  to  controls  (no  FEL)  was 
determined.  The  results  of  three  series  of  experiments 
involving  irradiation  of  100  culture  chambers  has  revealed 
thac  the  FEL  at  the  wavelength,  power  and  energy  densities 
used  results  in  a  consistent  reduction  by  3-8%  in  the 
number  of  cells  exibiting  a  high  degree  of  tritiated 
thymidine  incorporation.  Similarly  there  was  reduction  by 
5-10%  in  the  number  of  cells  incorporating  a  high  amount 
of  tritiated  uridine.  These  experiments  do  indicate  an 
!  inhibition  of  both  DNA  and  RNA  synthesis  in  a  fraction  of 
the  cell  population  exposed  to  the  FEL.  The  nature  of 
|  this  alteration  and  the  reason  why  other  cells  are 
|  unaffected  are  currently  under  investigation.  Supported 
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.IN  VITRO  CHARACTERIZATION  OF  MONO-L-ASPARTYL  CHLORIN(NPo6 ) 
j FOR  PHOTODYNAMIC  THERAPY.  W.  Gregory  Roberts,  Chung-Ho  Sun 
|  and  Michael  W.  Berns.  Dept,  of  Surgery,  Beckman  Laser 
|  Institute  and  Medical  Clinic,  Uoiv.  of  CA-Irvine,  Irvine, 
i CA.  92715.  The  cellular  characteristics  of  Mono-L-Aspartyl  ; 
Chlorin  (NPefc)  have  been  studied  by  determining  the  amount  • 
of  phototoxicity,  .ubcellular  localization  and  physical 
characteristics  in  vitro  and  were  compared  to  Dihematopor-  j 
j  phyrin  Ester  (DHE).  Cell  killing  efficiency  was  determined  j 
!  by  dose  response  curves  and  subcellular  localization  was  ; 
determined  by  using  fluorescent  microscopy.  The  absorption  ; 
and  fluorescent  spectra  were  also  determined.  The  cell  i 
lines  used  were  the  PTK^  and  the  Balb/3T3  clone  A31 .  Laser  • 
irradiation  was  performed  with  an  argon  dye  laser  system  j 
tuned  to  emit  radiation  at  630nm  for  DHE  treated  cells,  j 

and  at  664 um  for  NPe6  treated  cells.  The  fluorescence  | 

emission  spectrum  of  NPe6  in  PTK^  cells  shows  a  single  ! 

peak  at  665nm.  Cells  incubated  with  NPe6  for  48  hrs  show  ! 

discrete  brightly  staining  particles  in  the  cytoplasm 
under  the  fluorescent  microscope  Cells  treated  with 
acridine  orange,  a  known  lysosome  staining  f luorochrome ,  i 

show  the  same  discrete  particles,  whereas  DHE  stains  the  j 

nucleus,  membrane  and  cytoplasm.  Dose  response  studies  j 
reveal  that  virtually  all  of  the  cells  treated  with  3.0 
ug/wl  DUE  for  24  hrs  are  killed  and  only  70Z  are  killed 
with  12.5ug/ml  NPe6  (24  hrs).  However,  there  is  an  in-  jj 
creased  killing  efficiency  with  72  hrs  treatment  with  ji 

NPe6,  whereas,  DHE  shows  decreased  killing  efficiency  with j; 
72  hrs  of  treatment.  Photodynamic  therapy  with  HPD  or  DH£  j! 
has  been  limited  in  its  affectiveness  to  treat  cancers  due  jj 
to  the  low  level  of  tissue  penetrance  at  630na.  The  emis-  :! 
slon  spectrum  peak  at  665nm  is  a  useful  wavelength  for 
photodynamic  therapy  due  to  Increased  tissue  penetrance.  i 
The  fluorescent  micrographs  show  specific  localization  of 
NPe6  solely  into  lysosomes  suggesting  a  different  mecha-  j 
nlsm  of  cellular  uptake  and  subcellular  specificity  in 
comparison  to  DHE.  Although  DHE  appears  more  potent,  the 
dose  response  curves  for  NPe6  show  that  it  Is  aa  effee-  j 
tlve  phototoxic  agent  in  vitro  with  PTK_  and  3T3  cells.  Lt 
Is  also  Important  to  note  that  none  of  the  control  cells 
which  received  NPe6  without  light  were  adveraly  affected 
by  the  drug  alone,  suggesting  NPe6  Is  not  cytotoxic  unless 
-photoactlvated .  Funded  by  NIH  3 ,R0l  CA  32248-0381  ' 
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MECHAN  ISM  OF  TUMOR  DESTRUCTION- INF  PHOTODYNAMIC  TiTeRAPY  . 

J.  Stuart  Nelson,  L.-H.  Liaw  and  Michael  W.  Berns . 

Beckman  Laser  Institute  and  Medical  Clinic,  University  of 
California,  Irvine,  Irvine,  CA  92717. 

One  of  the  major  unanswered  questions  of  PDT  is  the 
precise  mechanisms  of  tumor  destruction.  In  order  to 
;  fully  appreciate  the  potential  of  HpD-PDT,  it  is  necessary 
:  to  characterize  the  role  of  the  vasculature  in  bringing 
about  the  tumoricidal  effect.  Because  of  the  complex 
nature  of  the  tumor  vasculature  in  HpD-PDT,  we  have 
j  undertaken  a  series  of  experiments  aimed  at  elucidating 
!  the  effects  of  HpD-PDT  on  the  turner  microvasculature 
j  during  the  first  few  hours  after  phototherapy.  DBA/2Ha 
|  mice  bearing  SMT-F  tumors  received  intraper itoneal 
!  injections  of  iO  mg/kg  of  Photofr^n  II  and  24  hours  later 
j  tumors  were  treated  with  100  j/ cm  of  light  (630  nra) . 
j  Animals  were  sacrificed  and  their  tumors  removed  at  time 
j  0,  30  min,  1  hr,  2  hrs,  6  hrs,  16  hrs  and  24  hrs  after 
i  treatment.  The  effects  of  HpD-PDT  on  the  tumor 
vasculature  were  examined  at  the  light  microscope  (LM)  and 
electron  microscope  (EM)  levels.  Our  study  demonstrates 
that  the  first  observable  changes  occur  in  the  elastic 
fibers  and  endothelial  cells  lining  the  tumor 
microvasculature.  These  structural  subunits  of  the 
vasculature  lose  their  functional  integrity  ar.d  are 
ultimately  destroyed  within  the  first  2-4  hrs  after 
phototherapy.  This  Is  followed  by  diffuse  hemorrhage  into 
the  surrounding  perivascuiar  stroma  with  subsequent  tumor 
cell  death.  The  results  indicate  that  the  effects  of  PDT 
3ie  primarily  initially  direct  destruction  of  the  tumor 
microvasculature  with  subsequent  tumor  cell  death. 
Supported  by  NIH  grants  CA  32248  and  RR  01192. 
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CORONARY  LASER  ANGIOPLASTY  IN  AN  ATHEROSCLEROTIC  HUMAN 
XENOGRAFT-SWINE  MODEL.  Kenton  W.  Gregory,  Warren  D. 
Johnston,  Roger  A.  Nahais,  John  A.  Mallory,  Peter 
Crandaw,  Michael  W.  Berns,  and  Walter  L.  Henry,  Division 
of  Cardiology  and  Beckman  Laser  Institute  and  Medical 
Clinic,  University  of  California,  Irvine,  Irvine,  CA. 

The  application  of  laser  energy  to  human  coronary 
angioplasty  has  great  promise  but  concern  remains 
regarding  adverse  vascular  consequences  such  as  vessel 
perforation  or  thrombosis.  Design  limitations  of  laser 
catheters  and  fibers  have  revolved  around  the  lack  of  a 
suitable  animal  model  of  human  atherosclerosis.  We  have 
developed  a  xenograft  model  using  atherosclerotic  human 
coronary  arteries  (C.A.)  microdissected  within  hours  of 
donor  expiration.  The  left  main,  anterior  descending 
(L.A.D.)  and  circumflex  (L.C.X.)  C.A.  are  then  available 
i  for  implantation  as  a  unit.  200  lb.  swine  undergo  general 
anesthesia,  thoracotomy  and  anastomosis  of  the  left  main 
C.A.  xenograft  into  the  proximal  aorta.  A  ’Y'  graft  into 
the  swine  left  anterior  descending  (L.A.D.)  C.A.  receives 
the  distal  segments  of  the  human  LAD/LCX  C.A.  Human  C.A. 
branches  are  attached  to  the  swine  pericardium  to  provide 
i  realistic  anatomical  position  and  cardiac  motion.  It  is 
!  then  possible  to  cannuiate  the  human  xenograft  by 
1  percutaneous  catheterization  to  evaluate  laser 

fiber/catheter  systems  in  a  realistic  in  vivo  setting  as 
1  well  as  the  study  of  the  downstream  effects  of  laser 
1  angioplasty  of  human  atherosclerosis  on  swine  myocardial 
,  contractility,  hemodynamics  and  electrical  stability. 

;  Human  and  swine  tissues  are  subsequently  available  for 
•  gross  and  microscopic  study.  We  conclude  that  this  model 
i  provides  a  relatively  inexpensive,  expedient  and  versatile 
i  method  to  evaluate  the  clinical  utility  of  various 
interventions  and  devices  such  as  laser  angioplasty 
catheters  on  human  atherosclerotic  lesions.  Supported  by 
NIH  grants  HL  31318  and  RR  01192. 
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WOUND  HEALING  AFTER  CORNEAL  ABLATION 
BY  193  n.in  EXCIMER  LASER  IN  RABBITS 
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♦Reprint  Requests:  Neal  L.  Burstein,  Ph.D.,  Department  of 
Ophthalmology,  University  of  California,  Irvine,  California  91717 


ABSTRACT 

The  193  nm  argon  fluoride  excimer  laser  was  used  to  ablate  corneal 
tissue  over  a  wide  area  at  the  center  of  the  rabbit  cornea.  The 
ablations  had  nc  detectable  effect  on  endothelium  even  when  made  t< 
flO%  depth  through  the  stroma  Epithelium  rehealed  over  the  ablate' 
areas  slightly  slower  than  over  intact  basal  lamina,  and  more 
rapidly  than  over  a  lamellar  keratectomy.  The  results  indicate 
that  a  reshaping  of  the  corneal  surface  involving  less  than  307  or 
the  corneal  thickness  could  result  in  optical  correction  of  both 
spherical  and  astigmatic  problems,  with  greater  accuracy  of 
correction  than  is  presently  available.  Further  development  of  rh 
optical  system  is  necessary,  together  with  the  determination  or 
short  and  long-term  epithelial  wound  healing  in  primates,  be  tor-' 
human  studies  are  ^tr. •‘■mru.e'a . 


ABSTRACT 


FEL  Contractors  Meeting 
Washington,  DC 
3/22  -  5/23/38 


A  CENTRALIZED  LASER  FOR  MEDICINE:  PRINCIPLES  AND  PRACTICE  AT  THE  BECKMAN 
LASER  INSTITUTE.  Michael  W.  Heins.  Department  of  Surgery,  Beckman  Laser 
Institute  and  Medical  Clinic,  University  ot  California,  Irvine,  Irvine,  CA 
92717. 


The  impetus  for  much  of  the  biomedical  work  on  the  FEL  has  been  the  desire 
to  build  a  laser  that  car.  be  centralized  in  a  treatment  facility.  Such  a 
device  should  be  tunable  over  a  broad  region  of  the  "laser"  spectrum  and 
relatively  easy  to  use.  In  designing  and  building  the  Beckman  Laser 
Institute  and  Medical  Clinic,  we  have  been  confronted  with  many  of  the  same 
issues.  The  idea  of  centralized  lasers  has  required  the  consideration  of 
multiple  user,  room,  and  laser  devices  as  well  as  efficient  fiber  optic 
delivery  systems.  Of  particular  concern  was  the  consideration  of 
simultaneous  use  of  the  same  laser  system  at  different  power  outputs.  In 
addition,  the  consideration  of  different  users  at  different  locations 
requiring  different  wavelengths  at  the  same  time  must  be  considered.  All 
of  these  issues  have  been  considered  (but  not  necessarily  solved)  in 
developing  our  facility.  These  same  considerations  should  not  be  lost 
sight  of  in  the  early  development  and  justification  of  the  FEL  for  medical 
use . 
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Properties  of  Atherosclerotic  Coronary 

Arteries  Exposed  to  Laser  Heated  Tip  _ 

N.  Charle  Morcos,  Michael  Berns  and  Walter  L. 
Henry,  University  of  California,  Irvine,  CA 
Effects  of  Laser  heated  tip  angioplasty  on 
arteries  is  not  fully  understood.  We  report  his¬ 
tology,  ultrasound  properties  and  vasoreactivity 
of  human  atherosclerotic  coronary  arteries  after 
exposure  to  hot  tip  catheter.  Segments  of  iso¬ 
lated  human  coronary  arteries  were  obtained 
within  5  hours  post  mortem,  side  branches  ligated 
and  perfused  with  Krebs  solution.  Coronary 
artery  segments  with  high  grade  stenosis  and 
occlusion  were  reanalyzed  using  a  1.5  mm  tip 
heated  twice  with  10  W  Argon  laser  for  10  seconds 
while  two-dimensional  12  MHz  ultrasound  images 
were  recorded.  Images  documented  vessel  recanal¬ 
ization  and  an  increase  in  ultrasound  refractile 
properties  of  vessel  walls  adjacent  and  5  mm  dis¬ 
tal  to  the  heated  tip.  Histologic  studies  showed 
charring  along  the  neolumen  and  extensive  coagu¬ 
lation  pattern  within  the  plaque.  Vasoreact  ivity 
was  assessed  by  measuring  flow  rate  changes  dur¬ 
ing  perfusion  with  100  ml  of  10-5M  seratonin  fol¬ 
lowed  by  washout  with  serotonin  free  solution. 
Re-canalized  arteries  showed  a  50%  increase  in 
magnitude  of  vasospasm  which  was  persistent  for  5 
hours  compared  to  control  atherosclerotic  vessels 
which  relaxed  within  30  minutes.  In  conclusion, 
laser  heated  tip  irradiated  vessels  demonstrated 
plaque  coagulation,  increased  ultrasound  refrac¬ 
tile  properties  of  plaque  and  increased  vasospasm 
which  persisted  for  several  hours. 
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Laser  energy  has  recently  been  used  to  recan¬ 
al  ize  completely  occluded  peripheral  arteries. 
This  study  of  laser  angioplasty  was  performed 
with  digital  angiographic  acquisition  for  quan¬ 
titative  analysis  to  determine  the  characteris¬ 
tics  that  might  affect  outcome  of  the  pro¬ 
cedure.  Recanalization  of  completely  occluded 
peripheral  arteries  was  performed  in  16  patients 
using  an  Argon  laser  heated  tip  fiberoptic 
probe.  Mean  length  of  total  occlusion  was  11.7cm 
(range  O.5-2S.0  cm).  Mean  diameter  of  the  normal 
segment  was  4.4mm  and  mean  diameter  of  the  nar¬ 
rowest  segment  post  laser  and  balloon  dilatation 
was  4.2mm  by  edge  detection  and  3.6mm  by  videod¬ 
ensitometry  (p  <  0.05).  Mean  Doppler  ankle/  arm 
index  was  0.61  before  and  0.93  post  procedure. 
There  were  11  (69%)  primary  successful  proce¬ 
dures.  Parameters  that  affected  success  were 
length  of  the  obstruction  and  vessel  tortuosity. 
Artery  diameter  distal  to  the  occlusion  did  not 
affect  outcome.  Early  reocclusion  occurred  in  2 
pts  due  to  poor  runoff  or  intimal  disruption.  In 
one  of  these  2,  collateral  vessels  did  not  dis¬ 
appear  after  apparently  successful  recannaliza- 
tion.  Thus,  laser  assisted  angioplasty  is  useful 
for  re-establishing  a  patent  lumen  in  long,  com¬ 
pletely  occluded  peripheral  arteries  that  might 
otherwise  require  bypass  surgery. 


!  1380  Laser _ 

2  1019  Angioplasty,  transluminal 


The  author  affirms  that  the  material  herein  will  not  have  been  published 
as  a  manuscript  prior  to  presentation  or  presented  at  any  national 
meeting  or  world  congress  held  in  the  United  States,  that  any  animal 
studies  conform  with  the  Position  of  the  American  Heart  Association  on 
Research  Animal  Use  '  ( Circulation  71:849  A.  198S)  and 


Author’s  signature 


that  any  human  experimentation  lias  been  conducted  according  to  a 
protocol  approved  by  the  institutional  committee  on  ethics  of  human 
investigation  or  --  it  no  such  committee  exists  —  that  it  conforms  with 
the  principles  ot  the  Declaration  of  Helsinki  of  the  World  Medical 
Association  {Clinical  Research  14:193,  1966). 


The  undersigned  certifies  that  all  authors  named  in  this  abstract  have 
agreed  to  its  submission  tor  presentation  at  the  AHA  Scientific  Sessions, 
and  are  familiar  with  the  ten-author  rule  (see  Rules  tor  Submitting 
Abstracts'). 


Prawn tati on  Preference:  CHOOSE  ONE  ONLY  Category  Code:  Bfl 

0  POSTER  ONLY  —  do  not  consider  for  minisytnposium  Category  Name:  Micro 

□  CONSIDER  FOR  MINISYMPOSIltM  Abstract  not  selected 
for  minisymposiuni  will  be  placed  in  poster  presentation 
Q  MINISYMPOSIUM  ONLY  —  Abstract  will  be  automatically  withdrawn  if  not  selected 
for  minisytnposium 

0  FILM  SESSION  —  (16mm.  V'  VHS  A  BETA  will  be  available  and  will  handle  all  format": 
If  film  is  used,  specify  type  of  projector  and  length  of  presentation. _ 


ASd£> 

,l/l»/S7  - 
h/jx,/* y 


OFFICE  USE  ONLY 


INSTRUCTIONS 


IMPORTANT:  TYPE-SIZE  must  be 
equal  to.  or  larger  than.  EXAMPLE 
below. 

•  Symbols  and  letters  not  available  in 
type  should  be  hand-printed  in  black 
ink  with  fine  pen. 

•  Type  single  space,  use  clean  ty  ue  and 
new  BLACX  silk  or  carbon  nbbon. 

-  Abstracts  prepared  on  a  word  pro¬ 
cessor  ate  acceptable  if  printed  on  a 
high  quality  impact  printer,  such  as 
a  daisy  wheel,  which  produces  type¬ 
writer-quality  print.  Abstracts 
printed  on  a  low-quality  impact 
printer,  such  as  a  dot  matrix,  are  not 


For  Corrections 

•  DO  NOT  ERASE:  Use  correction  tape 
or  fluid,  or  correcting  typewriter. 

-PROOFREAD  ABSTRACT:  Each 
Abstract  it  printed  exactly  as  you 
prepare  it 

•  Photo-copies  of  Abstract  form  or 
Abstract  forms  from  previous  years 
are  sot  acceptable. 

For  Title 

-  Type  title  in  upper  and  lower  case 
letters.  Underline  title. 

-  Use  INITIALS  ONLY  for  authors' 
names:  esc  same  initials  on  every 
Abstract 

-  Underline  names  and  initials  of 
authors. 

-  if  Sponsor  is  not  an  author,  type 
"Intr.  b-.  (Sponsor's  name.)''  after  the 
address 

For  Text 


one  paragraph 
margins. 


leave  no  top  or  left! 


Category  code  must  be  designated  above 

MINISYMPOSIUM  CODE:  _  _ 

MINISYMPOSIUM  TITLE: _ 


Start  here:  TITLE  and  TEXT  MUST  fit  within  tin:  lines 

Dynamics  of  Microtubule  Assembly  In  Vivo.  W.  Tao  and  M. 
W.  Berns.  Beckman  Laser  Institute  and  Medical  Clinic,  University 
of  California,  Irvine,  CA  92717. 

Microtubules  are  one  of  the  major  cytoplastic  elements  of  the 
eucaryotlc  cell's  cytoskeleton  and  are  involved  in  many  cell 
functions.  However,  in  most  cases,  the  mechanism  of  microtubule 
assembly  in  vivo  is  unclear.  To  address  the  question  of  assembly 
and  disassembly  in  vitro,  we  used  the  focused  fourth  harmonic 
wavelength  (266  run)  of  the  short-pulsed  YAG  laser  to  shear 
microtubules  in  Interphase  PTK^  cells  in  pre-defined  regions. 

The  laser  shearing  zone  within  a  cell  was  accurately  determined 
by  projecting  the  microscopic  image  onto  a  TV  monitor  interfaced 
with  an  image  array  processor  and  superimposing  a  cursor  box  on 
the  desired  area.  At  different  time  points  after  Irradiation, 
the  cells  were  stained  with  monoclonal  anti-tubulin  and  the 
growth  and  shrinkage  of  individual  microtubules  in  the  cutting 
zone  were  examined  under  an  epi- fluorescent  microscope.  The 
results  show  that  sheared  microtubules  grow  back  in  the  cutting 
zone  individually  and  that  growing  and  shrinking  microtubules 
coexist.  The  half-time  ol  replacement  of  cut  microtubules  was 
observed  to  be  15-20  min.  The  simultaneous  growth  or  shrinkage 
of  all  microtubules  was  never  observed  under  the  experimental 
conditions.  From  these  data,  we  conclude  that  most  microtubules, 
if  not  all,  in  interphase  cells  exhibit  the  property  of  dynamic 
instability.  Supported  by  NLH  grants  RR01192  and  ONR  grant 
N00014-86-0I 15. 
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OXYGEN  CONSUMPTION  IN  PHOTOSENS  I T 1 2AT ION  OF  CHO  CELLS  WITH  VARIOUS  DRUGS 

S . K imel * .  W.G. Roberts,  R.Senz1”,  and  M.W.Berns,  introduced  bv  J. McCullough 

Beckman  Laser  Institute  and  Medical  Clinic,  Univ.  of  Ca 1 1 for n 1  a- 1 r v 1 ne ,  Irvine,  CA  92715 


In  order  to  elucidate  the  mechanism  of  photosensitization  at  the  ct-llular  level  we  have 
investigated  the  role  of  0e  in  conditions  normally  used  for  in  vitro  viability  studies. 

CHO  cells  were  incubated  for  24  hours  with  DHE  ! Dihematoporphyr in  Ether)  or  MACE  (Mono- 
Aspartyl  Chlorin  e*>.  The  cell  suspensions  (10*  cells/ml)  were  irradiated  at  630  ran  (for 
DHE)  or  at  664  ran  (for  MACE).  The  oxygen  concentration  in  tne  suspension  was  monitored 
with  Clark-type  oxygen  microelectrodes,  calibrated  in  PBS  solutions  containing  known 
amounts  of  Q=.  At  the  onset  of  laser  irradiation  we  observed  a  decrease  of  0C  content  of 
approximately  10'/.,  occurring  over  a  time  interval  ranging  from  10  s  to  100  s,  depending  on 
the  initial  0e  and  drug  concentrations  and  on  the  laser  power  density  (mW/cm=).  After  the 
initial  rapid  decrease  steady-state  conditions  prevailed  which  were,  however,  influenced 
by  the  aggregation  of  irradiated  cells  in  the  suspension.  The  results  show  differences  in 
Oe  consumption  between  DHE  and  MACE. 

lR.S.  is  a  Visiting  Scholar  from  Laser-Med i z in-Zentrum ,  D-1000  Berlin  45,  FR3. 
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ABSTRACT  REPRODUCTION  SPACE 

CHANGES  IN  ULTRASOUND  CHARACTERISTICS  OF  HUNAN 
ATHEROSCLEROTIC  ARTERY  WALLS  DURING  LASER  ANGIOPLASTY  AS 
VIEWED  FROM  AN  INTRAVASCULAR  ULTRASOUNO  IMAGING  CATHETER 
John  A.  Nailery  M.D. .  James  Gessert,  James  Griffith 
Ph.D.,  N.  Charle  Morcos  H.D.,  Ph.D.,  Michael  Berns  Ph.D., 
Orhan  Nalciogiu  Ph.D.,  Walter  L.  Henry  M.D.,  FACC, 
University  of  California,  Irvine  CA 

Intravascular  ultrasound  imaging  may  provide  a  useful 
method  for  evaluating  the  effect  of  laser  energy  on  the 
vascular  wall  during  laser  angioplasty.  In  the  present 
study,  we  evaluated  a  newly  developed  1.4  mm  diameter 
intravascular  ultrasound  imaging  catheter  in  11  human 
atherosclerotic  iliac  segments  in  a  saline  bath  before 
and  after  injuring  the  arterial  wall  with  an  argon-driven 
hot-tip  laser  fiber.  Before  lasing,  artery  walls  showed 
relatively  low  amplitude  echos.  After  lasing  for  10-30 
sec.  at  10  W  output,  the  same  arterial  sites  showed  a 
strikingly  different  pattern  in  all  11  specimens,  with  a 
very  bright  specular  echo  at  the  intimal -lumen  border, 
which  represented  an  approximately  10  fold  increase  in 
amplitude  from  the  pre-lasing  image.  In  6  segments,  a 
charred  and  viable  crater  was  formed.  In  these  6 
segments,  wall  thickness  measurements  averaged  3.5  mm 
before  lasing  and  1.7  mm  after  lasing  (p<0. 05) .  In  the 
other  5  segments,  the  marked  increase  in  reflection  from 
the  intimal -lumen  border  was  not  due  to  grossly  visable 
charring  or  measurable  tissue  ablation.  We  conclude  that 
laser  thermal  injury  results  in  a  marked  increase  in 
echogenicity  of  the  lumenal  surface,  which  is  not  due 
simply  to  charring  or  ablat'.on  of  tissue.  Moreover, 
evaluation  of  the  artery  wall  before  and  after  lasing 
with  an  intravascular  ultrasound  imaging  catheter  allows 
evaluation  not  only  of  changes  in  artery  wall  thickness, 
but  also  of  changes  in  the  ultrasound  characteristics  of 
the  thermally  damaged  tissue. 
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LASER-WIRE:  A  NEW  DEVICE  FOR  REOPENING  COMPLETE  ARTERIAL 
OCCLUSIONS 

Jonathan  M.  Tobis.  M.O.  FACC;  John  Mallery,  M.D.;  Michael 
Crocker,  B.S.;  Hany  Hussein,  Ph.D.;  Michael  W.  Berns, 
Ph.D.;  Walter  L.  Henry,  M.D.  FACC. 

University  of  California,  Irvine. 

Percutaneous  transluminal  coronary  angioplasty  has  not 
been  very  successful  in  reopening  complete  occlusions 
especially  if  they  are  greater  than  1  months  old. 

Although  laser  technology  holds  promise  as  a  technique 
which  may  be  useful  in  reestablishing  a  lumen  through 
complete  obstructions,  current  devices  are  difficult  to 
maneuver  and  may  cause  large  perforations.  In  the  pre¬ 
sent  study,  we  evaluated  a  new  device  called  a  Laser-wire 
which  is  200  microns  in  diameter  and  which  is  designed  to 
create  a  small  diameter  channel.  The  wire  is  a  coated 
quartz  optic-fiber  with  a  metal  tip  attached  to  the  end. 
The  fiber  was  connected  to  an  Argon  laser  at  0.5-2  watts 
and  was  tested  in  isolated  human  atherosclerotic  artery 
segments  and  in  vivo  in  a  pig  model  of  acute  embolic 
occlusion.  The  Laser-wire  could  be  manipulated  easily 
through  a  standard  angioplasty  balloon  catheter  and  suc¬ 
cessfully  recanalized  6  acutely  occluded  peripheral 
arteries.  The  Laser-wire  was  also  used  in  vivo  in  2  coro¬ 
nary  arteries  to  recanalize  complete  embolic  occlusions 
to  the  LAD  and  RCA.  When  the  laser-wire  was  applied  t; 
long  segments  of  the  coronary  arteries,  the  Laser-wire 
perforated  the  artery  but  did  not  create  a  hemoperi- 
cardiurii.  Although  the  Laser-wire  is  still  in  a  develop¬ 
mental  stage,  this  study  demonstrates  the  feasibility  of 
using  this  approach  to  reopen  complete  arterial  occlu¬ 
sions  which  could  then  permit  balloon  dilatation  to  be 
performed  over  the  Laser-wire. 
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LASER-ASSISTED  ANGIOPLASTY  OF  HUNAN  PERIPHERAL  ARTERIES. 

Jonathan  M.  Tobis.  H.D.  FACC:  Michael  Smolin,  M.D.; 

Michael  Berns,  Ph.D.;  Warren  D.  Johnston,  M.D.;  John  A. 
Mallery,  M.D.;  Walter  L.  Henry,  M.D.,  FACC. 

University  of  California,  Irvine,  CA 

Laser  energy  has  recently  been  used  to  recanal  ize  com¬ 
pletely  occluded  peripheral  arteries.  This  study  of  laser 
angioplasty  was  performed  to  determine  the  characteris¬ 
tics  that  might  predict  outcome  of  the  procedure.  Recan¬ 
alization  of  completely  occluded  peripheral  arteries  was 
performed  in  16  patients  using  an  Argon  leser  heated  tip 
fiberoptic  probe.  Mean  Doppler  ankle/arm  index  was  0.61 
before  and  0.93  post  procedure.  Quantitative  measure¬ 
ments  of  lesion  length  before  and  arterial  diameter  after 
the  procedure  were  obtained  from  digital  angiograms.  Mean 
length  of  total  occlusion  was  11.7cm  (range  0.5-26.0  cm). 
Mean  diameter  of  the  angiographically  normal  segment  by 
edge  detection  was  4.4mm  and  mean  diameter  of  the  narrow¬ 
est  segment  post  laser  and  balloon  dilatation  was  4.2mm. 
There  were  11  (69%)  primary  successful  procedures.  Par¬ 
ameters  that  affected  success  were  length  of  the  obstruc¬ 
tion  and  vessel  tortuosity.  Neither  artery  diameter 
after  dilatation  nor  the  diameter  distal  to  the  occlusion 
correlated  with  outcome.  Early  reocclusion  occurred  in  2 
pts  due  to  poor  runoff  or  intimal  disruption.  In  one  of 
these  2,  collateral  vessels  did  not  disappear  after 
apparently  successful  recanalization.  Thus,  laser  ass¬ 
isted  angioplasty  is  useful  for  re-establishing  a  patent 
lumen  in  completely  occluded  peripheral  arteries  that 
might  otherwise  require  bypass  surgery.  Factors  that 
influence  primary  success  or  failure  include  the  length 
of  the  lesion  and  the  degree  of  vessel  tortuosity. 
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VISUALIZATION  OF  HUMAN  ATHEROMA  IN  VITRO  BY 
AN  INTRAVASCULAR  ULTRASOUND  CATHETER  BEFORE 
AND  AFTER  LASER  ABLATION 


John  A  Mallery,  Jonathan  M  Tobis,  Michael 
Berns,  James  Griffith,  James  M  Gessert,  Matthew 
Bessen,  Lachlan  Macleay,  N  Charle  Morcos,  Walter 
L  Henry,  University  of  California,  Irvine,  CA 

Perforation  of  ihe  arterial  wall  remains  a  major 
problem  of  intra-arterial  laser  catheters. 
Catheter  guidance  with  angiography  is  limited 
because  it  shows  lumen  contour,  but  not  atheroma 
thickness.  We  evaluated  the  ability  of  a  1.2  mm 
diameter,  20  MHz  intravascular  ultrasound  imaging 
catheter  to  guide  the  effectiveness  of  laser 
angioplasty  in  vitro.  . ive  severely  atheroscler¬ 
otic  human  artery  segments  were  imaged  before  and 
after  ablation  of  plaque  by  bare  fiber  argon 
laser  therapy.  The  ultrasound  imaging  catheter 
was  hand  rotated  to  generate  a  360°  cross- 
sectional  image  of  the  artery  wall.  Atheroma 
thickness  was  well  visualized  before  laser 
treatment  in  all  artery  segments.  The  mean  plaque 
thickness  in  the  laser  treated  area  decreased 
from  1.83  +  0.12.  mm  to  0.73  +  0.26  mm  following 
laser  treatment  (p< . 05) .  Regions  of  the  arterial 
wall  shadowed  by  calcified  atheroma  became 
visible  following  laser  removal  of  the  calcified 
tissue  matrix  near  the  lumen  surface,  ultrasound 
imaging  of  diseased  human  arteries  before  and 
after  laser  therapy  is  feasible  In  vitro  and 
holds  promise  as  a  method  to  guide  laser  therapy. 
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PHYCOCYANIN:  CYTOTOXIC  EFFECTS  ANO  UPTAKE  IN  HUMAN 
ATHEROSCLEROTIC  PLAQUE. 

N.  Cha^-le  Horcos.  M.D..  Ph.O..  Michael  Berns,  Ph.O.,  and 
Walter  L.  Henry,  M.D.,  FACC,  University  of  California, 
Irvine,  CA. 

Hematoporphyrin  derivative  (HPO)  has  been  proposed 
for  use  in  photodynamic  therapy  of  atherosclerosis.  Phy- 
cocyanin  (PHYCO)  is  a  phycobil i protein  with  many  prop¬ 
erties  similar  to  HPD.  However,  unlike  HPO,  PHYCO  has  an 
activation  wavelength  that  is  minimally  absorbed  by 
blood.  As  a  result,  we  studied  its  laser  activation, 
cytotoxic  effects  and  uptake  into  atherosclerotic  plaque. 
Optimal  activation  of  PHYCO  was  produced  by  laser  energy 
at  620  and  650nm  as  evidenced  by  reduction  of  optical 
density  due  to  NADPH  oxidation  in  a  buffered  reaction 
solution  containing  O.lmg/ml  of  PHYCO.  Cytotoxicity  was 
evaluated  by  measuring  viability  of  mouse  myeloma  cells 
in  culture  72  hours  post-treatment.  After  incubation  with 
PHYCO  (2.5mg/ml)  followed  by  irradiation  with  laser 
energy,  cell  viability  was  15%  compared  to  69  and  71%  for 
control  cells  exposed  to  laser  only  or  PHYCO  only, 
respectively.  Uptake  into  atherosclerotic  plaque  was 
assessed  in  atherosclerotic  artery  segments  obtained 
within  5  hours  post  mortem  and  perfused  with  0.1  mg/ml 
PHYCO  in  oxygenated  Krebs  Ringer  solution  for  5  minutes 
followed  by  washout  with  PHYCO-free  Krebs  for  10  minutes. 
Artery  sections  examined  histologically  by  fluorescence 
and  light  microscopy  showed  specific  florescence  local¬ 
ization  within  the  plaque  particularly  at  the  elastic 
laminea  but  not  in  the  medial  muscle  layer.  In  conclu¬ 
sion,  phycocyanin  is  a  cytotoxic  photosensitizer  that 
exhibits  specific  binding  to  atherosclerotic  plaque  and 
is  activated  at  a  wave  length  minimally  absorbed  by 
blood.  These  properties  suggest  potential  therapeutic  use 
of  phycocyanin  for  plaque  regression. 
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OXYGEN  CONSUMPTION  AND  the  PHOTOSENSITIZATION  EFFICIENCY 

OF  DIHEMAT0P0RPHYRIN  ETHER  AND  CHL0RINS 

S.Kimel  ,  H. 5. Roberts  and  M.W.Serns 

Beckman  Laser  Institute,  Univ.  of  Cal-Irvine. 

We  have  irradiated  phn tosens i t i zer s  in  buffer  soluticra 
containing  either  imidazole  or  cell  suspensicr-s  as 
acceptors  for  singiet  oxygen  The  d 1 sappearanc e  z" 

total  oxygen  <0-.:-  can  oe  used  to  determine  the  reiati.S 
efficiency  of  various  p  no  tosens  1 1  i  zers  to  produce  '  . 

C  i  nema  toporph  yr  i  n  ether  (  DHE  and  the  compounds  Monc-c- 
Aapartyl  Chlorm  (MACE)  arc  Di-Aspartyl  Cnlcmn 

(DACE;  were  cnoser  because  they  represent  two  extrpmes 
with  rr-soect  to  cellular  localization  a-*d 
photosensitizing  properties:  DeE  is  lipophilic,  high..- 
aggregated  m  solutions  and  becomes  internal  1 
cel  is  via  diffusion,  while  MACE  and  DAl 

hydrophilic,  monomeric  and  are  c  i  nocy  to  t  ica  1  . 

i  r ter ra  1  i  zed  .  A  Clark  tvpe  o'  /gen  microelectrode  was 
calibrated  by  irradiating  a  sens l t i zer / l m > dazo . e 
solution  containing  known  amounts  of  dissolved  H-,  ’he 
solutions  were  irradiated  using  a  dye  laser  tuned  to  6“  1 
•■i<n  or  664  rim  for  DHE  and  the  chlorins,  respectively.  7 he 
measured  consumption  cf  C. .  was  usee  to  arri.e  at 
quantum  yields  of  !C,,  production  for  the  differs-'" 
photosensitizers  at  various  cancentr3t  sons  and 
irradiation  doses.  in  an  e*  for  t  to  mime  in  v  :  *  r  - 

conditions  we  also  measured  the  1).  c  Tc-.np  t  i  on 

solutions  containin,;  1  ■  ••..  2|?t3  1  u3  1  *  ':€*r,jm  n  CS  1  with  arc 

without  imidazole.  Chanpes  in  the  Quantum  vis-id  of  C"- 
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ablation  of  bone  and  organic  polymers  oy  mid-infrared 

AMD  ULTRAVIOLET  LASERS.  J.S,  Nelson, 
perns.  Beckman  Laser  Institu 
University  o*  California,  Irvine, 

'ne  various  techniques  present 
; n» r a-oper a t i ve  cuttinq  of  bor 
r.r.ent  typically  involve  mechanical 
.;.i,-y>ra:  ion  of  considerable  heat. 

. u i  rCund:nq  cone  frequently  occurs  due 
:qr:es  needed  to  free  polymethyl  methacrylate  (PMMA) 
embedded  in  artificial  hip  prostheees.  In  experiments 
•■■’ported  here,  fresh  ratsoit  long  bones  (humerus,  femur 
,nr  tipia;  arid  PMMA  templates  were  treated  with  the 
rid" infrared  Erbium: i AG  (2. 9 A  um)  and  the  ultraviolet 
»c  :  mer  1  a  sor  (  !  R  j  nm  and  308  nm).  Hisfooatholcqica. 

■  -.naiyses  w-?re  performed  to  examine  the  areas  of 
.  ap.ir  i  2  a  t  i  on  ,  charring  and  peripheral  necrosis.  The 
•'"‘iults  show  that  both  the  mid-tnfr.jred  Erbium:  YAG  and 
ultraviolet  e*cimer  lasers  are  able  to  spontaneously 
etch  away  bone  and  organic  polymer  such  as  PMMA.  In 
this  process  there  is  no  detectable  thermal  damage  to 
t r- e  adjacent  substrate  that  remains  benind.  It  is 
anticipated  that  the  importance  of  these  two  laser 
systems  to  medicine  will  grow  with  increasing 
„v,ii  lability  of  deoenJable  lasers  and  sophisticate! 
;  ,ser  delivery  systems.  Supoortec  by  the  Oft  ice  or 
rji.ai  Research  RNOvO 1  A -86-K -0" 1 5 . 
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COMPARISON  BETWEEN  THE  TISSUE  EFFECTS  OF  THE 
ARGON  AND  COPPER  VAPOR  LASERS  ON  CHICKEN  COMBS 
A.  Orenstein,,  M .  W.Berns  and  Haqqai  Vsur.  Beckman 
Laser  Institute  and  Medical  Clinic,  University  of 
California,  Irvine,  Irvine,  CA  92715.  We  report  a 
tissue  effect  comparison  between  the  arqon  and  copper 
vapor  lasers  on  nighly  vascularized  chicken  combs. 
This  serves  as  a  model  for  human  vascular  lesions.  The 
arqon  laser  was  used  as  a  Cw  laser  providing  light  at 
988  nm,  and  514  nm.  The  copper  vapor  laser  is  a  pulsed 
laser  pravidmq  a  green  510  nm  and  a  yeliow  578  nm 
which  can  be  used  separately  or  as  a  mixture  of  both 
beams.  The  effects  of  the  different  copper  vapor  laser 
wavelengths  were  compared  to  those  of  the  argon  laser 
wavelengths  in  all  of  the  possible  six  options, 

(combined  wavelength  cr  single  wavelength).  Each 
chicken  was  anesthetized  and  9  parallel  lines  of  tne 

selected  laser  oeam  were  placed  on  one  side  of  the 
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comb.  The  beam  deliver/  optics  and  working  distance 
were  set  in  such  a  way  that  when  using  both  lasers,  the 
spot  size  on  tissue  and  the  linear  scanning  speed  were 
the  same.  The  spot  size  on  tissue  was  2  mm,  the  power 
0.9  W  and  the  energy  density  was  65  J/cmc‘\  Samples 
were  taken  immediately  post  radiation,  3  days.  7  days 
and  19  days  past  radiation.  Tissue  was  fixed  in  10'/. 
formalin  and!  processed  for  histological  analysis  using 
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Am  ACUTE  AMO  CHRONIC  STUDV  OF  ThE  HISTOLOGICAL 
EFFECTS  OF  rULSFD  AND  CW  MODES  OF  THE  CO;*  LASER 
A.  Qrgns‘cu).  Jean  Champiun,  J.S.  Nelson,  M.W.  Berr.s. 
Beckman  t.astir  Institute  and  Medical  Clinic,  University 
of  California.  Irvine,  Irvine,  CA  E2715.  Using  the 
Sharp  1  an  IDoO  CO.  laser,  we  have  looked  at  the  tissue 
effects  three  available  modes;,  continuous  wave, 

pulsed  none  at  t>0  Hi.,  and  pulsed  node  at  300  Hi.  The 
average  pewer  m  all  three  medes  was  10  watts  and  the 
tissue  was  moved  under  the  beam  at  15  mm/sec  using  a 
mechanical  drive  plat  fore.  The  spot  sue  was  0.2 
,i nd  cuts  were  made  in  the  ;i  ir,  or.  the  Pack  of  a  ra&Dit. 
Samples  were  taken  for  nistcipgical  evaluation  at  0*. 

hour ,  70  hours  and  1  week.  H  &  E  staining  o f 

paraffin  sections  was  performed  to  examine  areas  o' 
vapor i m t l on .  charring  and  peripheral  necrosis.  Using 
computer  imaging  we  have  compared  Quantitatively  the 
variations  :n  the  areas  of  damage  between  the  available 
modes.  Eupported  Dv  Grant  FNOoO 1 L-E6 -F-0 1 1 5  from  the 
U.S.  N 3 vy  SD1  program. 
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DIFFERENTIAL  INHIBITION  OF  NUCLEIC  ACID  SYNTHESIS  IN 
TISSUE  CULTURE  USING  THE  FAR  INFRARED  WAVELENGTHS  OF  THE 
FREE  ELECTRON  LASER.  Michael  W.  Berns  and  William 
Bewley,  Beckman  Laser  Institute  and  Medical  Clinic, 
University  of  California,  Irvine,  CA  and  Department  of 
Physics,  University  of  California,  Santa  Barbara,  CA. 

We  have  previously  reported  the  inhibition  of  DNA 
synthesis  in  cultured  cells  following  exposure  to  the 
200  pm  wavelength  of  the  FEL  (Berns  and  Bewley, 
Photochem.  Photobiol.  46:  165-168,  1987).  In  those 
experiments  only  32  of  the  cells  exposed  to  the 
radiation  were  affected.  It  was  felt  that  this  small 
percent  of  cells  affected  may  have  been  due  to  either 
the  wavelength  being  at  a  weak  point  on  the  absorption 
curve  or  that  only  a  small  proportion  of  the  cells  were 
in  a  susceptible  phase  of  the  cell  cycle.  In  order  to 
investigate  this  question,  cells  were  exposed  to  the  FEL 
beam  at  160  um  under  the  following  parameters:  1  mJ  per 
pulse;  50  -  100  pulses;  1  psec  duration  pulses;  4  mm 
diameter  focused  spot.  The  cells  were  exposed  in 
culture  chambers  with  the  beam  passing  through  a  fused 
silica  window  (transmission  65  -  702)  before  impinging 
directly  on  the  cells.  Twenty  replicate  chambers  at  two 
different  light  doses  (50  and  100  pulses)  were  used  and 
the  cells  were  subsequently  incubated  in  either 
tritiated  thymidine  or  uridine  for  analysis  of  DNA  or 
RNA  synthesis.  The  results  indicated  that  there  was  no 
effect  on  DNA  synthesis  but  a  definite  effect  on  PNA 
synthesis  (p  =  0.001).  In  combination  with  our  previous 
results  using  200  yra,  the  observed  effect  on  RNA 
synthesis  at  160  u®  suggests  a  definite  wavelength 
specific  effect  on  the  different  classes  of  nucleic 
acid.  The  results  support  the  prediction  of  other 
authors  that  there  are  specific  rotational  and 
vibrational  modes  of  biological  molecules  in  the  far 
infrared  regions  of  the  spectrum.  Our  results  would 
suggest  that  radiation  at  these  frequencies  may  be  used 
to  alter  and  probe  the  structure  and  function  of  these 
molecules.  Supported  by  Grant  If  N000 14-86-K.-0  l  1  5  from 
the  U.  S.  Navy  SDL  program. 
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Optical  Trapping  with  a  Laser  Mlcrobeam :  A  New  Method  tc 
Study  Cell  Motility.  Michael  W.  Berns,  Dept,  of  Surgery,  Beckman 
Laser  Institute  and  Medical  Clinic,  University  of  California, 
Irvine,  CA  92715. 

Visible  and  infrared  light  can  be  scattered  (refracted)  by 
inanimate  as  well  as  living  objects  with  the  creation  of  a 
substantial  amount  of  force.  This  force  is  created  as  a  result  of 
momentum  transfer  from  the  refracted  photons  to  the  object.  As  a 
result,  the  object  is  "pulled"  back  towards  the  focal  point  of  the 
beam.  We  report  here  experiments  io  which  an  infrared  neodymium 
fAG  laser  (1.06  microns)  has  been  focused  using  a  100X  phase 
contrast  objective  to  a  spot  diameter  of  1-2  microns  at  a  power 
of  between  1C-100  milliwatts.  The  beam  has  been  focused  adjacent 
to  and  onto  several  different  biological  objects:  single  red 
blood  cells,  isolated  chromosomes,  chromosomes  and  centrioles  in 
the  mitotic  spindle.  This  "optical  tractor  beam"  can  be  shown  to 
move  individual  blood  cells  and  chromosomes  in  saline  suspensions. 
Inside  the  living  cell,  force  can  be  generated  at  the  centriole 
region  leading  to  inhibition  of  spindle  formation  but  not 
inhibition  of  further  chromosome  condensation  during  mitosis. 

When  the  beam  is  focused  onto  a  chromosome  that  is  lagging  off  of 
the  metaphase  plate,  enough  force  can  be  generated  to  hold  the 
chromosome  away  from  the  spindle  even  though  spindle  forces 
eventually  will  try  to  move  the  chromosome  cowards  the  metaphase 
plate.  The  results  suggest  chat  a  non- destructive  beam  of  light 
can  be  focused  inside  living  cells  to  generate  a  known  amount  of 
force  which  can  then  be  applied  selectively  to  study  and 
manipulate  specific  cellular  functions.  Supported  by  NIH  grant 
RR01192  and  DOD  SDI084-88-C-0025. 
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GENERATION  OF  MUTATIONS  AND  OZONE  FROM  PULSED  UV  LASER 
SOURCES.  Ronald  E.  Rasmussen*,  Marie  J.  Hammer-Wiison** , 
and  Michael  W.  Berns**.  *Department  of  Community  and 
Environmental  Medicine  and  **Beckman  Laser  Institute  and 
Medical  Clinic,  University  of  California,  Irvine,  CA. 
Because  ultraviolet  radiation  below  200  nm  is  c' 

producing  ozone  by  ionization  of  atmospheri r  ox/gc. u,  we 
measured  the  ozone  concentration  in  the  vU  l.iity  of  the 
radiation  target  when  using  the  193  nm  excimer  laser.  At  a 
repetition  rate  of  50  Hz  and  energy  of  approximately  1  mJ 
per  pulse  we  found  amounts  of  ozone  up  to  6.0  ppm  (600 
times  background  level).  Since  ozone  is  highly  toxic  and 
also  may  have  mutagenic  potential  we  are  investigating  the 
possible  effects  of  ozone  using  the  conditions  and  concen¬ 
trations  which  may  be  produced  during  therapeutic  applica¬ 
tions  of  UV  lasers.  To  avoid  possible  interference  by 
ozone  in  tests  for  the  mutagenic  potential  of  193  nm  laser 
radiation,  we  carried  out  the  exposures  in  a  nitrogen 
atmosphere.  The  mutagenic  potential  of  UV  light  produced 
by  2  pulsed  excimer  lasers  (193  and  308  nm)  was  compared 
to  Chat  of  low-intensity  continuous  254  nm  UV.  All  rad¬ 
iations  were  mutagenic  to  strains  TA98  and  TA100  in  the 
Ames  Salmonella  test  system.  Pulsed  laser  radiation  at 
193  or  308  nm  was  about  100-fold  less  mutagenic  than  254 
nm  continuous  UV.  At  doses  below  100  J/m^  no  mutagenic 
activity  was  seen  with  193  or  308  nm  pulsed  radiation. 
Sister  chromatid  exchanges  (SCEs)  were  induced  by  all 
radiations  in  Chinese  hamster  ovary  (CH0)  cells.  Pulsed 
308  nm  UV  induced  SCEs  in  a  dose-dependent  manner  with  an 
efficiency  of  about  0.01  that  of  254  nm  UV.  Pulsed  193  nr. 
UV  also  increased  the  SCE  incidence,  but  the  incidence  was 
not  dose  related  over  the  range  examined  (25-1500  J/m"). 
The  latter  result  may  be  due  to  the  overriding  cytotoxic!: 
of  this  laser  and  aiso  to  the  limited  penetration  of  this 
wavelength  into  the  cell  nucleus.  These  resulcs  demon¬ 
strate  thac  genotoxic  effects  can  be  produced  by  pulsed  . 
lasers  operating  in  the  range  of  energies  used  ror  thera¬ 
peutic  purposes.  Mutagenesis  tests  in  CHO  cells  are  in 
progress  using  the  HGPP.T  point  mutation  assay. 
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MECHANISM  OF  TUMOR  DESTRUCTION  BY  MONO-L-ASPART  ft, 
CHLORIN  DURING  PHOTODYNAMIC  THERAPY.  J.S.  Nelson,  L.H. 
Liaw,  W.G.  Roberts  and  M.U.  Berns.  Beckman  Laser 
Institute  and  Medical  Clinici  University  of  California, 
Irvine,  Irvine,  CA  92715.  One  of  the  major  unanswered 
questions  in  POT  is  the  precise  mechanism  of  tumor 
destruction.  Presumabl/  any  pho tosens i t 1 zer  would 
first  have  to  interact  with  the  vascular  endothelium  of 
the  tumor  tissue  before  passing  into  the  surrounding 
perivascular  tumor  stroma.  The  effectiveness  of  tumor 
destruction  is  dependent  upon  a  complete  understand  1 nc 
of  the  parameters  involved  m  this  process.  This 
effect  may  be  direct,  such  as  destruction  of  the 
vasculature  that  nourishes  the  tumor  as  has  been  shewn 
with  hema toporphyr i n  derivative.  We  have  previously 
demonstrated  that  mono-i -asoar ty 1  chlorin  is  an 
effective  tumor  localizing  photosensitizer  in  vivo 
(Cancer  Research  9 7 : 94.9  1  -9tE5 ,  1937!.  Because  of  the 
complex  nature  of  the  tumor  vasculature  m  PDT ,  we  have 
undertaken  a  series  of  experiments  aimed  at  elucidating 
the  effects  of  PDT  with  mono - 1 -aspar ty 1  chlorin  during 
the  first  few  heurs  after  pho  to  trier  apy .  Balb-c  mice 

bearing  EMT-6  tumor  received  i.p.  injections  of  10 
mg/kg  of  chlorin  and  59  hours  later  tumors  were  treated 
with  100  J/cnr-  of  light  !ofc9  nm  1  .  Animals  were 

sacrificed  and  their  tumors  removed  at  time  0,  30  min.. 
1  hr.,  2  hrs.,  9  hrs.  and  3  hrs.  after  treatment.  The 
effects  of  PDF  on  the  micrr.vasculature  were  examined  at 
the  LM  and  EM  levels.  Tn»?  results  indicate  the  initial 
effects  of  PDT  with,  chlorin  are  primarily  direct 
destruction  of  the  tumor  m i c r o vascu 1  a tur e  wilt 

subsequent  turns,  cell  death.  ‘iuuqor  tod  bv  NlH  grants 
CA  32292  and  RP  ullVd. 
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.  MECHANISM  OF  IN  VITRO  UPTAKE  AND  DESTRUCTION  OF  VARIOUS 
:  PHOTOSENSITIZERS  W.  Gregory  Roberts1,  F.Y.Shiau2,  K. Smith2, 
M.  W.  Berns  ^ .  ^-Beckman  Laser  Institute  and  Medical  Clinic, 

( Univ.  of  CA-Irvine,  Irvine,  CA  927I5;2Dept.  of  Chemistry, 
;Univ.  of  CA-Davis,  Davis,  CA  9256L6.  The  mechanism  of  cel- 
i  lular  uptake  of  photosensitizers  used  in  photodynamic  ther- 
1 apy  (PDT)  has  never  been  clearly  elucidated.  Different  cel¬ 
lular  uptake  mechanisms  for  various  sensitizers  will  lead 
to  unique  subc“llular  localizations.  Thus,  upon  irradiation 
,they  will  yield  different  subcellular  destruction  loci.  The 
study  of  in  vitro  uptake  of  sensitizers  could  provide 
^valuable  insight  to  the  in  vivo  uptake  mechanism.  In 
•addition,  different  tissue  localization  and  sensitivity  of 
a  photosensitizer  could  be  due,  in  part  or  totally,  to 
cellular  uptake  and  destruction  mechanisms  specific  for  that 
drug.  We  have  studied  the  cellular  uptake  and  destruction 
mechanisms  of  Dihematoporphyrin  ether  (DHE) ,  Mono-L- Asparty 1 
Chlorin  e5  (MACE)  and  Di-Aspartyl  Chlorin  (DACE) .  MACE  and 
DACE  are  new  chlorin  compounds  which  show  promise  for  use 
in  PDT.  Both  compounds  are  pure  and  absorb  substantially  at 
664nm.  These  chlorin  compounds  have  generated  significant 
attention  due  to  their  lack  of  skin  photosensitization  and 
very  good  tumor  eradication  properties.  Our  results  show 
that  DHE  enters  the  cell  primarily  through  diffusion,  and 
.the  chlorins  enter  solely  by  endocytosis.  Endocytosis  can 
be  completely  and  reversibly  inhibited  by  incubating  cells 
at  4°C.  Cells  were  incubated  with  DHE  or  the  chlorins  at 
4°C  for  24  hrs  with  no  adverse  effects  to  the  cells. 
Fluorescent  micrographs  were  then  taken  to  determine  the 
extent  of  cellular  uptake  of  the  sensitizers.  These  differ¬ 
ent  cellular  uptake  mechanisms  yield  unique  subcellular 
localizations,  which  eventually  with  irradiation  may  cause 
different  primary  sites  of  subcellular  destruction.  The 
differences  in  cellular  uptake  can  be  explained  by  the 
lipophilic  and  hydrophilic  nature  of  DHE  and  the  chlorins, 
respectively.  Supported  by  NIH  grant  (‘CA32248  and  U.  S. 

Navy  SDI  program  grant  '/N000  1 4-86-K-0 1  1  5  . 
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E\0  IMEK  LASER  EFFECTS  ON  TISSUE.  Michael  W.  B.-rns,  i'ti.l).  ,  J.  Stuart 
Nelson,  M.  D.  ,  Ph.D.,  Lindy  Yow,  Marie  Wilson  .ind  Ronald  Rasmussen  ,*  Ph.D. 

Beckman  Laser  Institute  and  Medical  Clinic,  Dept.  or  Surgery,  University  of 
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Excimer  lasers  (ArFl,  193  nm,  and  XeCl ,  308  nm)  are  being  actively 
investigated  with  respect  to  their  application  in  a  variety  of  medical 
areas.  The  193  nm  excimer  laser  is  being  most  actively  pursued  for 
non-thermal  photoablation  of  corneal  tissue  in  the  eye  with  the  hope  of 
eventual  application  to  correct  for  refractive  disorders.  Light  and 
electron  microscopic  examination  of  ablated  corneal  tissue  suggests  that 
this  laser  can  be  used  to  precisely  remove  corneal  tissue  either  in  an 
Incisional  mode  or  in  a  shallow  ablative  mode.  However,  thermal  camera 
measurements  do  demonstrate  that  there  is  a  thermal  component  in  the 
ablation  process.  Mutagenesis  studies  indicate  that  this  wavelength  does 
produce  a  high  level  of  cellular  toxicity  and  a  l^yel  of  mutation  induction 
1-2  orders  of  magnitude  less  than  a  conventional  254  nm  mutation  source. 

The  308  nm  excimer  laser  is  being  examined  with  respect  to  its  potential 
for  removal  of  hard  tissue,  such  as  bone,  and  lor  the  selective  ablation  of 
vascular  plaque.  Histologic  studies  will  be  presented  as  well  as  mutation 
studies  that  elucidate  mutation  frequencies  in  bacterial  and  vertebrate 
cell  cultures. 
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An  erbium:  YAG  laser  was  used  to  generate  20O-/is  pulses  of  mid-infrared 
2.94-^m  light  in  both  the  single  and  multimode  configurations.  Laser 
pulses  were  focused  on  the  surfaces  of  both  rabbit  long  bones  and 
methacrylate  blocks,  and  the  tissue  response  was  examined  histologi¬ 
cally.  The  depth  of  thermal  injury  was  determined  by  ocular  micro¬ 
metry. 

Over  all  energy  levels  tested,  the  erbium:  YAG  laser  produced  abla¬ 
tion  of  bone  and  methacrylate  with  minimal  thermal  damage  to  adja¬ 
cent  tissue.  Increasing  the  laser  energy  per  pulse  produced  increasingly 
wider  and  deeper  grooves  in  both  bone  and  methacrylate.  However, 
such  increase  in  laser  energy  produced  a  proportionately  greater  in¬ 
crease  in  the  zone  of  thermal  injury  in  methacrylate  as  compared  with 
bone. 

These  studies  suggest  the  feasibility  of  a  surgical  erbium:  YAG  laser 
in  orthopaedics  and  other  forms  of  ablative  surgery. 
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INTRODUCTION 

In  1973,  Moore  reported  the  first  attempt  at 
laser  use  in  orthopaedics  (1).  Since  that  time,  the 
number  of  investigations  using  the  laser  as  an 
orthopaedic  surgical  tool  ha3  been  steadily  in¬ 
creasing.  Carbon  dioxide  lasers  have  been  used 
advantageously  in  the  removal  of  malignant  and 
benign  bone  tumors,  in  the  excision  of  infected 
tissue,  and  in  patients  with  bleeding  diatheses  [2]. 

Specific  to  orthopaedics  are  the  problems  of 
cutting  bone  and  removal  of  bone  cement  in  pa¬ 
tients  who  have  had  artificial  joints  inserted.  Car¬ 
bon  dioxide  lasers  have  been  used  in  both  the 
continuous  wave  and  superpulsed  modes  to  per¬ 
form  experimental  osteotomies,  but  carbonization 
because  of  thermal  injury  to  bone  immediately 
adjacent  to  the  irradiated  areas  has  been  de¬ 
scribed  [3-5].  Additionally,  one  study  reported  that 
the  presence  of  this  carbonized  debris  persisted  up 
to  1  weeks  after  surgery  and  stimulated  a  foreign 
body  inflammatory  response  with  a  retarded  rate 
of  bone  healing  [6|. 

There  is  no  specific  way  of  removing  bone 
cement  (a  methacrylate  polymer)  with  lasers,  a  id 
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each  surgeon  has  developed  his/her  own  tech¬ 
niques  and  instruments  to  remove  such  cement. 
These  techniques  have  involved  cement  chisels, 
high-speed  burrs,  intramedullary  reamers,  and  ce¬ 
ment  drills.  However,  the  torque  and  mechanical 
force  generated  by  these  devices  may  lead  to  nu¬ 
merous  untoward  complications.  A  method  for 
clean  removal  of  cement  without  mechanical 
trauma  would  have  distinct  advantage  over  exist¬ 
ing  techniques. 

The  present  study  describes  the  use  of  the 
mid-infrared  erbium:  YAG  laser  (2.94  fim)  to  ablate 
both  bone  and  methacrylate. 

MATERIALS  AND  METHODS 
Laser  Light  Delivery  System 

Laser  irradiations  were  performed  with  a 
Quantronix  (Smithiown,  NY)  Model  294  erbi¬ 
um:  YAG  laser  operating  at  a  wavelength  of  2.94 
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iim.  This  laser  produces  a  200-jts  pulse  with  a 
repetition  rate  variable  from  0  to  9.9  Hz  in  both 
the  single  mode  (TEM,*,)  and  multimode  form 
(TEMmn>  of  operation. 

The  laser  beam  was  deflected  down  to  the 
operating  stage  U3ing  a  standard  silver  front  ur- 
faced  mirror  and  focused  with  a  50-mm  calcium 
fluoride  lens  to  a  spot  diameter  of  150  for  the 
single  mode  and  287-325  ^m  for  the  multimode 
form  of  operation.  The  spot  diameter  was  deter¬ 
mined  at  all  pulse  energy  levels  tested.  Briefly,  a 
480-ptm  slit  was  attached  to  a  x-y-z  stage  and 
moved  across  the  incident  beam.  The  relative  in¬ 
tensity  vs.  position  of  the  detector  was  then  plot¬ 
ted  Beam  waist  was  defined  as  the  radius  of  the 
intensity  profile  at  an  amplitude  of  1/e2  of  the 
maximum  intensity.  Calculations  using  the  the¬ 
ory  of  Gaussian  beam  transfc  mation  were  per¬ 
formed  for  the  spot  diameter  at  the  focal  point  of 
the  lens,  taking  into  account  the  focal  properties 
of  the  lens  as  well  as  the  divergence  and  path 
length  of  the  beam.  The  theoretical  parameters 
were  then  compared  to  actual  burns  on  laser  and 
thermographic  paper,  which  were  measured  by 
ocular  micrometry.  Since  the  spot  diameter  in¬ 
creased  with  increasing  pulse  energy  in  the 
TEMmn  mode,  the  radiant  exposure  (J/mm2)  was 
not  a  linear  function  of  the  pulse  energy  level. 

Since  the  mid-infrared  light  is  invisible  to  the 
human  eye,  a  low-power  (2  mW)  He-Ne  laser  (PMS 
Electro-Optics,  Boulder,  CO)  generating  orange 
light  was  aligned  with  the  erbium:  YAG  laser  beam 
for  aiming  purposes.  Laser  irradiation  was  moni¬ 
tored  with  a  Coherent  Model  201  (Auburn,  CA) 
power  meter  before  and  after  treatment  at  the 
tissue  surface. 

Study  parameters  varied  from  0.1  to  0.2  J  per 
pulse  (5.7-11.3  J/mm2)  single  mode  and  0.1  to  1.0 
J  per  pulse  11.6-12.1  J/mm2)  multimode  at  both  5 
and  7  Hz  for  each  mode.  The  samples  were  placed 
on  a  mobile  operating  stage  that  passed  under¬ 
neath  the  laser  beam  at  a  constant  velocity  of  1.8 
mm/s.  Bone  and  methacrylate  ablations  were  pro¬ 
duced  by  moving  the  substrate  underneath  the 
laser  beam  six  times. 

Animal  System 

Adult  New  Zealand  white  rabbits  were  sac¬ 
rificed,  and  their  long  compact  bones  (humerus, 
femur,  and  tibia)  were  removed  and  immediately 
frozen  at  -20°C.  On  the  day  of  the  experiment, 
the  bones  were  thawed  and  kept  in  fresh  normal 
saline  at  room  temperature  until  laser  irradiation 
was  performed.  Samples  were  cut  with  a  saw  to  a 


0.8  x  2.0x:m  surface  size  for  easy  manipulation 
under  the  laser  beam,  and  the  bone  marrow  was 
removed.  The  bone  samples  were  positioned  under 
the  laser  such  that  a  flat  bone  surface  was  exposed 
to  the  laser. 

Immediately  after  treatment,  specimens  were 
fixed  in  fresh  10%  formalin  in  phosphate  buffer. 
pH  7.4.  For  decalcification,  bones  were  suspended 
in  Surgipath  Decalcifier  II  (Grayslake,  IL)  at  room 
temperature  for  48  h.  Samples  were  then  dehy¬ 
drated  in  graded  alcohols,  cleared  in  xylene,  and 
embedded  in  paraffin.  Six-micron  sections  were 
cut,  stained  with  hematoxylin  and  eosin,  cleared 
of  paraffin  in  xylene,  and  dried.  Sections  were 
examined  with  an  Olympus  microscope  and  pho¬ 
tographed  with  Panatomic-X  film  (Eastman  Ko¬ 
dak).  The  depth  of  thermal  injury  as  a  function  of 
energy  per  pulse  was  measured  for  bone  by  ocular 
micrometry. 

Methacrylate 

Surgical  Simplex  P  Radiopaque  Bone  Ce¬ 
ment  (Howmedica.  Rutherford,  NJ)  containing  a 
mixture  of  polymethyl  methacrylate  (15%),  methyl 
methacrylate-styrene-copolymer  (75%),  and  bar¬ 
ium  sulfate  (10%)  was  prepared  as  described  in  the 
package  insert.  Methacrylate  was  placed  into  a 
0.6  x  1.4-cm  embedding  mold  and  allowed  to  solid¬ 
ify  overnight  at  room  temperature. 

After  laser  irradiation,  samples  were  cut  per¬ 
pendicular  to  the  laser  cuts  to  obtain  a  cross-sec¬ 
tional  view.  Six-micron  thin  sections  were  cut  with 
a  ultramicrotome,  magnified,  and  photographed 
as  described  above.  The  depth  of  thermal  injury  as 
a  function  of  energy  per  pulse  was  measured  for 
methacrylate  by  ocular  micrometry. 

RESULTS 

Gross  inspection  of  both  bone  and  methacry¬ 
late  specimens  revealed  no  visual  evidence  of  ther¬ 
mal  injury  (Fig.  lajb).  These  photographs  illustrate 
the  excellent  edge  definition  obtained  with  er¬ 
bium:  YAG  laser  ablation  together  with  the  ab¬ 
sence  of  any  significant  gross  charring  or  burning 
of  the  surrounding  material.  The  bright  white  dis¬ 
coloration  in  methacrylate  in  Figure  lb  is  caused 
by  reflection  off  the  ablated  edge  and  is  not  due  to 
thermal  injury.  Histologically,  the  erbium.YAG 
laser  is  capable  of  producing  deep  narrow  cuts  in 
both  bone  (Fig.  2a.b)  and  methacrylate  (Fig.  2cj  in 
both  TEM^  and  TEMm„  modes.  Review  of  all 
slides  demonstrated  that  increasing  the  laser  en¬ 
ergy  per  pulse  produced  increasingly  wider  and 
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Pig.  1.  Gross  photomicrographs  of  cuts  made  with  the  er¬ 
bium:  YAG  laser  in  (a)  bone  and  (b)  methacrylate.  These  cuts 
were  produced  by  moving  the  substrate  underneath  the  laser 
beam  six  times.  x9. 


deeper  grooves  in  both  bone  (Fig.  2a, b)  and  meth¬ 
acrylate  (Fig.  3a,b).  As  the  laser  energy  per  pulse 
was  increased,  the  zone  of  thermal  damage  in 
bone,  consisting  of  coagulation  necrosis  immedi¬ 
ately  adjacent  to  the  area  of  ablation,  increased 
from  5  to  11  pirn  (Table  1).  No  signs  of  thermal 
injury  or  distortion  were  seen  in  areas  not  imme¬ 
diately  adjacent  to  the  ablated  zone  (Fig.  4a, b). 
However,  for  methacrylate,  as  the  laser  energy  per 
pulse  was  increased,  the  zone  of  thermal  injury 
also  increased  from  90  to  375  ixm.  Although  there 
was  no  histological  evidence  of  charring  or  carbon¬ 
aceous  material,  methacrylate  polymer  adjacent 
to  the  zone  of  ablation  appeared  to  have  under¬ 
gone  thermal  decomposition  and  distortion  (Fig. 


3a,b>.  The  repeating  individual,  small,  monomeric 
subunits  of  methacrylate  can  no  longer  be  clearly 
distinguished  microscopically. 

DISCUSSION 

The  objective  of  any  laser-assisted  surgical 
procedure  is  to  perform  precise  ablation  of  tar¬ 
geted  tissue  with  minimal  damage  to  the  remain¬ 
ing  tissue.  Most  present  surgical  applications  of 
lasers  primarily  affect  tissue  change  by  the  con¬ 
trolled  burning  and  volatilization  of  tissue.  This  is 
based  on  the  conversion  of  electromagnetic  radia¬ 
tion  into  thermal  energy.  Unfortunately,  this  ther¬ 
mal  energy  will  radiate  in  different  directions  with 
successive  circumferential  zones  of  carbonization, 
vacuolization,  and  edema  as  the  heat  is  dissipated. 

In  order  to  have  radiant  energy  absorbed,  it 
is  necessary  to  have  some  absorbing  molecule  or 
chromophore  in  the  target  tissue.  Water  absorbs 
minimally  in  the  visible  and  near  infrared  por¬ 
tions  of  the  electromagnetic  spectrum.  However, 
in  the  mid-  and  far-infrared  regions  of  the  spec¬ 
trum,  water  absorbs  strongly.  The  erbium:  YAG 
laser  has  a  maximal  emission  in  the  mid-infrared 
region  at  2.94  jtm,  which  corresponds  to  a  large 
absorption  band  for  water.  The  photophysical  pa¬ 
rameter  of  interest  is  the  absorption  coefficient,  a, 
which  is  specific  to  the  material  of  interest  at  a 
particular  wavelength.  The  characteristic  absorp¬ 
tion  length  of  a  material  is  the  reciprocal  of  the 
absorption  coefficient,  ot~l.  Water  has  an  absorp¬ 
tion  length  of  3.3  jim  at  a  wavelength  of  2.94  /im 
[7],  A  large  number  of  photons  being  absorbed  in 
such  a  small  volume  produces  a  rapid  rise  in  the 
temperature  of  the  substrate.  When  the  boiling 
point  of  water  is  reached,  some  vapor  will  escape 
through  tiny  cracks  in  the  surface  of  the  irradi¬ 
ated  material.  However,  other  vapor  produced  by 
the  laser  energy  will  build  up  internal  pressure 
until  a  microexplosion  occurs  with  part  of  the  sub¬ 
strate  being  ejected  in  the  form  of  microscopic 
particles  [8|.  The  major  part  of  the  incident  energy 
is  consumed  in  the  ablative  process,  and  only  a 
small  fraction  of  the  energy  remains  in  the  tissue. 
Therefore,  ablation  of  the  exposed  material  can,  in 
principle,  be  performed  more  precisely.  Any  ther¬ 
mal  damage  will  be  confined  to  a  small  region 
immediately  adjacent  to  the  ablated  zone  with  lit¬ 
tle  or  no  disruption  of  the  remaining  substrate. 

The  results  of  this  study  suggest  that  the 
erbium: YAG  laser  will  effectively  ablate  bone  and 
methacrylate  by  the  microexplosive  removal  of 
substrate  with  minimal  thermal  damage  adjacent 
to  the  cut.  Additionally,  as  the  laser  energy  per 
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Fig.  2.  Histologic  photomicrographs  of  cuts  made  with  the 
erbium.YAG  laser  in  (a!  hone  (.12  J/pulsei,  (b(  l>one  (1.0  .J 
p-ilse).  and  (c)  methacrylate  (1.0  J/pulse).  Bar  in  upper  rigm 
hand  comer  of  picture*  is  equal  to  100  (a.bi  and  500  nm 
(c).  a  anu  »,  a  165.  v,  a  52. 
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pulse  is  increased,  deeper  and  wider  cuts  are  ob¬ 
tained.  However,  such  increases  in  laser  energy 
per  pulse  produced  a  proportionately  greater  in¬ 
crease  in  the  zone  of  thermal  injury  in  methacry¬ 
late  as  compared  with  bone.  Since  these  increases 
occurred  at  the  highest  energy  per  pulse  levels  in 
the  TEMmn,  they  were  most  probably  related  to 
the  increased  energy  at  the  tails  of  the  quasi- 
Gaussian  profile,  which  now  have  enough  energy 
to  cause  thermal  damage  but  not  enough  energy 
to  cause  ablation.  When  the  amount  of  energy  per 
pulse  was  equal  in  both  the  TEMW  and  TEMmn 
modes,  the  zones  of  thermal  damage  were  compa¬ 
rable  (Table  1). 

The  reason  for  the  large  increase  in  the  zone 
of  thermal  injury  for  methacrylate  as  opposed  to 
bone  is  most  likely  related  to  the  physical  param¬ 
eters  of  the  two  substrates.  Although  little  exper¬ 
imentation  has  been  done  to  determine  the 
thermal  conductivity,  specific  heat,  heat  capacity, 
and  heat  of  fusion  for  methacrylate,  those  values 
that  have  been  reported  are  significantly  lower 
than  those  for  the  cortical  and  cancellous  bone 
typically  found  in  the  rabbit  femur  [9].  Extrapola¬ 
tion  of  these  physical  constants  to  our  system  does 
involve  some  uncertainties,  but  these  parameters 
could  be  useful  in  developing  a  temperature  pro¬ 
file  that  could  facilitate  prediction  of  the  zone  of 
thermal  damage  in  both  bone  and  methacrylate. 

The  histopathology  of  the  ablation  produced 
by  the  erbium: YAG  laser  resembles  that  produced 
by  the  pulsed  ultraviolet  radiation  of  excimer  las¬ 
ers  but  for  a  different  reason.  With  the  excimer 
laser,  "ablative  photodecomposition”  results  in  the 
breakup  of  materials  by  high-energy  ultraviolet 
photons  with  the  expulsion  of  atoms  and  small 
molecular  fragments  at  supersonic  velocities  [10J. 
As  discussed  previously,  the  erbium:  YAG  laser 
ablates  tissue  by  a  buildup  of  internal  pressure 
caused  by  heat  until  a  microexplosion  occurs  with 
part  of  the  substrate  being  ejected  in  the  form  of 
microscopic  particles. 

The  main  problem  with  the  2.94-/xm  wave¬ 
length  of  the  erbium:  YAG  laser  is  the  difficulty  in 
devising  a  suitable  fiber  optic  delivery  system. 
The  transmission  of  this  wavelength  through  zir¬ 
conium  fluoride  and  fluoride  glass  fibers  has  been 
shown  to  be  possible  but  requires  stringent  glass- 


Fig.  3.  Phase-contrast  histologic  photomicrographs  of  cuts 
made  in  methacrylate  with  the  erbium: YAG  laser:  a)  Jl 
pulse,  h)  1.0  J/puise.  Note  the  deeper,  wider  cut  produced  in  b 
with  the  increased  energy  per  pulse  and  the  fourfold  increase 
in  the  zone  of  thermal  injury  (outlined  by  arrows:  Bar  in 
upper  right  hand  corner  of  pictures  is  equal  to  500  nm.  x  32. 
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TABLE  1.  Zone  of  Thermal  Injun'  in  Hone  and 
Methacrylate  Produced  by  the  Erbium:  YAG  leaser 


Laser  energy 
(J/pulsel 

Fluence 

(J/mmJ) 

TEM 

Average  zone 
of  thermal 
injury'  (>im) 

Bone 

.10 

5.7 

oo 

5.1 

.15 

8.5 

oo 

5.4 

.20 

11.3 

oo 

5.7 

.10 

1.6 

mn 

5.2 

.15 

2.3 

mn 

5.1 

.20 

3.0 

mn 

5.4 

.25 

3.7 

mn 

5.6 

.40 

5.7 

mn 

5.2 

55 

7.5 

mn 

6.5 

.70 

9.2 

mn 

7.2 

.75 

9.8 

mn 

8.3 

85 

10.8 

mn 

9.4 

1.00 

12.1 

mn 

11.3 

Methacrylate 

.10 

5.7 

00 

91.2 

.15 

3.5 

oo 

92.5 

.20 

11.3 

oo 

97.9 

.10 

1.6 

mn 

90.2 

.15 

2.3 

mn 

93.7 

.20 

2.9 

mn 

97.2 

.40 

5.7 

mn 

115.1 

.60 

8.1 

mn 

200.3 

SO 

10.3 

mn 

240.4 

1.00 

12.1 

mn 

374  8 

'Average  taken  from  ten  individual  measurements  made 
around  crater  produced  by  erbium:  YAG  laser  irradiation. 


processing  techniques  to  avoid  laser-induced  dam¬ 
age  [7,11].  In  addition,  the  fibers  are  very  brittle 
and  susceptible  to  mechanical  damage.  When  a 
clinically  useful  fiber  with  a  high  reliability 
against  laser-induced  and  mechanical  damage  be¬ 
comes  available,  the  mid-infrared  lasers  should 
play  a  wider  role  in  human  ablative  orthopaedic 
and  ear  surgery. 
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Abstract-Vertebrate  tissue  culture  cells  were  exposed  to  200  ua 
wavelength  radiation  (ICO  U/ca“)  frote  s  free  electron  laaer  (PEL) 
of  the  electrostatic  generator  type.  Cell  cultures  demonstrated 
no  morphological  alterations  but  a  statistically  significant 
(P<  .03)  proportion  of  the  cells  exhibited  Inhibition  of  DNA 
synthesis.  This  study  demonstrates  the  first  biological  effects 
of  the  FEL  and  the  feasibility  of  performing  biological 
investigations  with  this  device. 

INTRODUCTION 

Free  electron  lasers  (FEL)  can  provide  tunable,  incense  monochromatic  electromagnetic 
radiation  extending  all  the  way  from  ultraviolet  to  the  far  Infrared.  Aa  such,  they  could 
have  great  potential  in  biological,  chemical  and  aedical  research  and  applications, 
insofar  as  they  could  be  used  to  access  regions  of  Che  spectrum  not  now  available  by  fixed 
frequency  sources.  In  this  study  we  report  the  first  series  of  biological  experiments 
utilising  a  FEL  at  200  uc. 


MATERIALS  AND  METHODS 

The  biological  samples  were  cells  from  ar.  established  ceil  line  from  the  rat  kangaroo 
kidney  (PTR, ).  These  are  standard  cells  grown  In  aar.y  cell  biology  laboratories,  and  are 
particularly  useful  as  a  biological  assay  system  because  of  their  flat  morphology,  hardy 
nature,  and  low  chromosome  maber  (Barns  ec  al.,  1977).  The  cells  used  In  these  studies 
were  grown  In  Rose  culture  chambers  which  were  coaprlscd  of  two  optical  windows  separated 
by  a  silicone  gasket  Chat  provided  an  enclosed  sterile  chamber  capable  of  holding  a  volume 
of  2-3  al  of  fluid.  One  of  the  two  windows  was  aade  of  either  fused  silica  or  crystalline 
quartz.  The  former  had  65Z  transmission  and  the  latter  95Z  transmission  for  the  FEL 
wavelength  (200  ua)  used  In  these  studies.  The  cells  were  injected  Into  the  culture 
chambers  26-48  hours  prior  to  FEL  exposure  and  maintained  In  standard  !*H  culture  aedlum 
at  37*C  In  5Z  CO.  aad  air.  The  chambers  were  positioned  In  the  Incubator  such  that  the 
cells  settled  onto  the  window  surface  that  was  transparent  to  the  FEL  wavelength.  The 
cells  attached  to  this  surfsce  where  they  aultlplled  and  underwent  normal  physiological 
and  biochemical  activity  (Barns  ct  al.,  1981).  For  exposure  to  the  FEL,  the  culture 
chamber  was  positioned  (described  latsr)  so  that  the  FEL  radiation  passed  through  the 
highly  transmissive  window  directly  on  to  the  cells  before  passing  into  the  culture 
aedlias.  This  was  possible  because  the  cells  attached  tightly  to  the  window  surface  with 
little  or  no  liquid  Interface  between  the  cell  and  the  surface.  The  windows  Mrs  2.3  cm 
in  diameter  and  had  a  thickness  of  0.01  am. 

The  FEL  was  the  Van  deCraff  electrostatic  accelerator  system  at  the  University  of 
California,  Santa  Barbara.  For  the  studies  reported  here  the  laser  was  operated  ct  a 
wavelength  of  200  ua  with  a  pulse  duration  of  2  u»-  Laser  power  varied  from  0.S  -  *  ktf 
per  pulse.  Pulse  repetition  frequercy  varied  from  3-6  seconds  between  pulses.  The  FEL 
beam  was  collected  and  focused  to  a  i pot  at  Che  culture  chamber  window  surface. 

The  beam  profile  at  the  simple  position  was  measured  by  mechanically  scanning  a 
pyroelectric  detector  perpendicularly  across  chm  sample  beam  la  two  orthogonal  direction! 
(X  end  Y).  The  detector  uaed  waa  a  Mnlactron  modal  P3-01  with  a  I  am  diameter  detection 
element.  Heasureatencs  were  aide  over  2  3  am  Intervale  with  the  final  scene  aeda  through 
the  cantar  of  the  bew.  The  l/e  half-width  of  Che  beam  wee  measured  cs  ee  between 
7  and  8  aa.  The  power  density  at  the  center  of  the  sample  beam  was  measured  and  the 
reference  signal  calibrated  foi  us#  in  monitoring  the  power  perjpulae  during  the 
experiment.  The  power  density  per  pulse  was  typically  100  W/ ca  .  The  tranealselon  of  the 
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fused  silica  and  quartz  windows  was  detemlned  from  che  ratios  of  the  saaple  and  reference 
signals  with  the  windows  alternately  placed  Into  and  reaoved  froa  the  saaple  beaa  path. 

The  experlaental  protocol  Involved  placement  of  10  culture  chaabers  In  a  reaocely 
controlled  rotating  asseably  that  positioned  each  individual  chamber  In  the  FEL  beam  path 
for  a  preselected  nuaber  of  PEL  pulses.  The  entire  asseably  plus  culture  chaabers  was 
surrounded  by  lead  bricks  in  order  to  shield  the  ceils  froa  high  energy  ionizing  radiation 
generated  during  PEL  operation.  Control  culture  chaabers  were  placed  within  the  asseably, 
but  did  not  rotate  Into  the  path  of  the  PEL  beaa.  Prior  to  and  ioaedlately  after 
placement  of  the  culture  chaabers  into  the  rotating  asseably,  the  chaabers  were  stored  at 
37*C  in  an  adjacent  rooa.  All  exposures  to  the  PEL  occurred  at  rooa  temperature 
(18-20*0.  Cells  were  examined  cytologically  through  an  inverted  phase  contrast 
alcroscope  at  30  ainute  Intervals  following  reaoval  of  the  chaabers  froa  the  rotating 
asseably.  Individual  culture  chaabers  were  exposed  to  a  range  of  1-100  laser  pulses.  In 
all  experiaents  at  least  3  replicate  chaabers  were  exposed  to  each  pulse  reglae. 

Two  aethods  were  used  to  assay  PEL  effects:  (1)  observation  of  cell  cytology  by  phase 
contrast  light  alcrcscopy,  (2)  Incubation  in  radioactive  H-thyaidine  (specific  activity 
10-60  Ci/aoole  at  concentration  of  S  uCl/al  for  18  hrs)  followed  by  light  alcroscope 
autoradiographic  analysis  of  0NA  synthesis,  for  autoradiographic  analysis,  the  cells 
within  the  5ma  PEL  irradiation  zone  were  scored  either  'heavy'  or  'light'  for  the  amount 
of  radioactive  labeling  (Pig.  1).  Either  100  or  500  cells  were  scored  in  each  culture 
chaaber  by  a  person  who  was  unaware  of  che  treatment  parameters  of  the  individual  samples 
being  scored.  An  additional  control  population  of  cells  were  those  cells  within  the 
irradiation  chaaber  but  outside  Che  PEL  exposure  zone.  Comparison  of  Che  experlaental  and 
control  cell  populations  was  aade  by  using  two  different  statistical  tests:  (l)  one  way 
analysis  of  variance  and  (2)  Che  Xruskal-Uallis  nonparaaetrlc  test. 

RESULTS  AND  DISCUSSION 


Cycological  observation  laaediately  (within  30  ainutes)  and  up  to  3  hours  following 
laser  exposure  did  not  reveal  any  evidence  of  PEL  effects.  At  20  hours  following  PEL 
exposure,  cells  were  scored  cytologically:  dead;  nocaal  cytology  in  Interphase;  normal 
cytology  in  mitosis.  A  cell  Chat  was  categorized  as  dead  had  a  dark,  pyknoclc  nucleus;  a 
refract  lie  appearing  nucleolus;  a  phase  darkened  nuclear  envelope;  and  cytoplasalc 
vacuolation.  Scoring  of  5000  cells  (500  cells  per  chaaber  in  10  replicate  chaabers)  for 
each  of  the  PEL  exposures  revealed  only  a  slight  Increase  in  dead  cells  for  the  chaabers 
receiving  100  pulses  of  PEL  radiation:  7*  of  che  experlaental  cells  exhibited  'cell  death' 
cytology  as  compared  to  4X  for  the  controls.  Though  the  cytologlcal  results  suggested 
that  there  was  an  effect  on  a  saall  proportion  of  the  ceils  in  the  cell  populations 
exposed,  the  statistical  tests  used  did  not  provide  che  level  of  statistical  significance 
needed  to  conclude  chat  the  PEL  Inhibited  cell  growth.  Subsequent  DNA  synthesis  studies 
were  undertaken  to  more  precisely  determine  if  the  results  of  che  cycological  study  were 
statistically  significant  at  che  biochemical  level. 

Three  separate  experiaents  (each  a  month  apart)  were  conducted  using  ^H-thymldine 
autoradiography .  In  each  experiment  five  hundred  cells  were  scored  in  ac  least  five 
replicate  chaabers  for  each  laser  power  exposure.  The  results  of  che  three  experiaents 
arc  presented  in  Table  1.  It  should  be  noted  that  in  each  experiment  there  was  always  an 
increase  when  compared  to  the  coitrols  in  the  mean  nuaber  of  cells  char  were  scored  as 
'light'  with  respect  to  radioactive  labeling  (see  Figure  1  for  an  exaaple  of  cells 
exhibiting  'light"  and  'heavy'  lab-ling).  The  levels  of  statistical  significance  for  each 
of  these  experiaents  was  p  <0.35  using  both  statistical  methods.  The  total  number  of 
laser  pulses  was  10C  fer  each  cuitu-e  chamber  in  the  first  two  experiments.  In  the  third 
experiment  chaabers  were  expose':  to  10,  20,  or  100  User  pulses.  When  compared  to  the 
non- laser  control,  only  the  cells  receiving  100  laser  pulses  wera  statistically  different. 


Figure  1.  Autoradiogram  of  PTK, 
cells  exhibiting  “light"  and  heavy 
radioactive  labeling.  Large  arrows 
indicate  heavily  labeled  nuclei  auu 
small  arrows  indicate  'lightly' 
labeled  cells. 
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The  ruul‘1  of  that*  studies  at*  Interacting  not  only  because  they  ara  tha  first 
biological  acudlaa  with  tha  FEL,  but  alao  bacauaa  tha  observed  effects  appear  Co  ba  on 
only  a  small  tubpopulatlon  of  calla  within  tha  cultures.  Evan  though  thara  hava  baan  soae 
atudlaa  daaonatratlng  raman  banda  for  B-ONA  at  12  cu  ^Lindsey  at  al,  198*)  and  low  lying 
vibrational  aodas  for  orlantad  fllaa  of  DNA  at  3-450  ca  1  (Wlttlla  at  al,  1986),  thara 
aaaaw  to  ba  a  ganaral  lack  of  llcaratura  on  tha  biological  affacts  of  radiation  In  tha 
100  alcron  to  ona  allllaacar  wavalength  ranga.  Tha  praaant  atudy  suggests  that  thara  aay 
ba  vibrational  aodat.  In  hataroganeoua  living  biological  ayataaa  In  this  wavelength  range 
tnat  lead  to  either  iheraal  or  non-tharaal  affacta  in  tha  calla.  It  la  Intereaclng  thac 
only  a  aaall  proportion  of  tha  calla  appaar  to  ba  affected.  It  la  poealble  that  the  calla 
exhibiting  Inhibited  DNA  ayntheala  repreaent  either  a  unique  genetic  eubpopulaclon  or  a 
fraction  of  calla  Cfat  ware  In  a  'susceptible*  phaaa  of  tha  call  cycle  at  tha  tlae  of 
Irradiation.  Furthermore,  It  la  known  that  there  ara  aharp  reeonancea  la  tha  alcrowava 
region  thac  raault  In  a  atloulatlon  of  growth  In  yaaac  (Gruodler  and  Kallmann,  1983)  chat 
have  bean  ahovn  to  ba  non-tharaal.  la  conelualon,  the  FEL  p rov Idea  a  unique  source  of 
Intense  aonochroaaclc  radiation  for  studies  In  a  region  of  tha  spactria  chat  has  not  baan 
wall  characterised  In  biological  ayataaa.  In  addition,  It  does  appaar  feasible  to  perform 
biological  and  aedlcal  studies  with  tha  technologically  coaples  FEL. 


Control  43*  92 

**100  later  pulses  70  114 

20  laser  pulses 
10  laser  pulses 

•All  values  ara  aaana  based  upon  500  cells  tabulated  par  culture  chamber  with  5-10 
replicate  chaabera  to  obtain  each  aean.  Each  group  receiving  100  laser  pulses  la 
statistically  different  troa  the  control  value  with  p  •  <  .05. 

♦These  values  are  not  statistically  different  froa  the  control  value. 

**Each  laser  pulse  power  density  was  100  W/ca2  with  a  duration  of  2  us  par  pulsa. 
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ABSTRACT 

The  in  rim  phatoaewsiiizin*  efficacy  of  moa<M.-espartyl  chloria  has 
■aca  strdied  by  dettraiiniag  th*  percentage  of  BALB/c  mice  cured  at 
mryiac  toot*  of  drag.  Using  aa  EMT-6  tumor  model,  animals  received 
>  iajocdaaa  of  moao  L-aapartyl  chlorit.  (0.5-100  <ng/kg)  mi  the*  were 
latirmia— tly  expoeed  to  light  at  644  am.  Tumor  biopsies  were  takes 
boat  saUcttd  aai—aia  sacrifice  at  24  h  after  treatment  tad  routine 
liitopathologinl  sectioat  ioa4o  The  other  eatmab  r«amiae4  ia  the  dark 
Tor  a  parted  of  6  weeks  te  determine  the  care  rate. 

Oor  resalts  thaw  that  mooo-L-aspartyl  chloria  is  aa  effective  tumor 
localizer  that  brings  about  the  selective  degradation  of  tumor  tissue 
following  light  exposure. 


INTRODUCTION 

The  attack  on  cancer  with  drugs  has  been  based  on  the  thesis 
that  it  should  be  possible  to  target  cancer  cells  while  having 
only  little  or  tolerable  effects  in  normal  cell  populations.  Many 
compounds  have  been  screened  for  such  activity  during  the  past 
40  years.  Unfortunately,  most  common  solid  cancers  respond 
either  not  at  ail  or  to  a  limited  extent  to  these  selective  agents. 

Several  photosensitizing  porphyrins  are  selectively  retained 
in  solid  tumors  and  other  rapidly  growing  tissues  in  humans 
and  other  animals.  During  the  past  several  years,  there  has  been 
an  increasing  interest  in  the  use  of  porphyrins  for  tumor  local¬ 
ization  and  therapy.  Effective  use  of  porphyrin  photosensitizers 
for  antitumor  therapy  has  been  documented  at  several  clinical 
centers  and  has  been  used  on  several  thousand  patients  with 
generally  encouraging  results  (1-4).  Although  the  history  of 
porphyrins  and  their  role  as  a  diagnostic  and  therapeutic  mo¬ 
dality  is  relatively  recent,  a  wide  variety  of  human  tumors  with 
varying  histological  types  have  been  treated.  Good  results  with 
PDTJ  have  been  reported  with  cancers  of  the  skin  (5),  female 
genital  tract  (6),  lung  (7),  esophagus  (8),  bladder  (9),  eye  (10), 
breast  (11),  and  oropharynx  (12). 

This  photochemotherapeutic  procedure  which  has  become 
known  as  photodynamic  therapy  is  based  on  the  conclusion 
that  some  porphyrins,  including  HpD,  are  to  some  degree 
selectively  retained  by  tumor  tissue  (13).  On  subsequent  illu¬ 
mination  with  light  of  the  appropriate  wavelength  absorbed  by 
the  porphyrin,  turnon  can  be  destroyed  with  relatively  little 
damage  to  the  surrounding  normal  tissue. 

The  properties  of  tumors  that  result  in  selective  accumulation 
and  retention  of  porphyrins  remain  to  be  elucidated.  In  cell 
culture,  there  appean  to  be  no  preferential  uptake  of  porphyrins 
by  either  neopUstic  versus  normal  cells  (14-16)  or  ai  a  function 
of  malignancy  in  different  cell  lines  (17).  What  is  clear  is  that 
porphyrins  are  potent  photosensitizen  which  result  in  tite  rapid 
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necrosis  of  tumor  tissue  upon  exposure  to  red  light  at  630  nm 
(the  longest  wavelength  absorption  peak  of  the  porphyrin). 

The  major  limitation  of  HpD-PDT  is  that  it  is  primarily 
restricted  to  thin  superficial  tumors  readily  accessible  to  light. 
The  attenuation  of  a  light  beam  propagating  in  tissue  is  deter¬ 
mined  by  the  scattering  and  absorption  characteristics  of  the 
tissue  being  exposed.  It  has  been  demonstrated  that  the  effi¬ 
cient  for  excitation  of  a  drug  molecule  in  a  collimated  beam 
of  630  nm  light  will  be  reduced  to  10%  at  a  location  less  than 

1  cm  from  the  tissue  surface  (18).  Generally,  absorption,  which 
depends  on  specific  chromophores  in  the  absorbing  molecules, 
increases  with  increasing  wavelength.  Furthermore,  compounds 
with  higher  molar  extinction  coefficients  may  have  a  significant 
advantage  in  capturing  any  photons  that  penetrate  into  the 
tissue.  It  is  anticipated  that  the  development  of  other  photosen¬ 
sitizen  that  utilize  longer  wavelengths  with  stronger  absorption 
bands  in  the  red  and  higher  extinction  coefficients  will  enhance 
the  versatility  of  PDT. 

In  the  present  study,  we  have  examined  the  effectiveness  of 
NPe6  as  a  photosensitizer  for  selective  tumor  necrosis  (Fig.  1). 
This  compound  has  a  strong  absorption  band  at  664  nm,  a 
wavelength  that  has  a  greater  depth  of  tissue  penetration  than 
the  630  nm  wavelength  used  with  HpD. 

MATERIALS  AND  METHODS 

NPe6  sad  Photofrin  II.  NPtd  (Porohyrin  Products,  Logan.  UT)  was 
'ceived  is  a  dark  blue-green  powder  and  was  stored  in  the  dark  at 
-70*C.  rfce  powder  was  reconstituted  in  Dulbecco's  PBS  (final  pH 
7.0-7.20)  to  a  final  concentration  of  2.5  mp/ml  and  stored  at  -20‘C 
until  used.  Ptuxofrin  II  was  obtained  from  Photomedica  Inc.,  (Raritan. 
NJ)  as  an  aqueous  solution  at  a  concentration  of  2.5  mg/ml  and  stored 
in  the  dark  at  -20*C  untii  used.  An  absorption  spectrum  of  NPe6  was 
obtained  with  a  Beckman  DV-7  Spectrophotometer  on  PTKi  cells  (rat 
kangaroo  epithelial,  American  Type  Culture  Collection  no.  56,  kidney 
marsupial.  Potortu  tridaetylis )  incubated  for  24  h  with  25  ugA.il  NPe6. 
Cells  were  washed  three  times  :n  PBS  and  sonicated  prior  to  being 
scanned  from  350  to  700  nm. 

Animal  and  Tumor  System.  Ten-  to  12-week  old  BALB/c  mice  were 
used.  They  weighed  betweer  30  and  35  g  at  the  time  of  treatment.  The 
tumor  system  used  was  the  EMT-o  undifferentiated  sarcoma  obtained 
from  the  Frederick  Cancer  Research  Institute,  Frederick,  VID.  The 
EMT-6  tumor  was  obtained  as  an  in  vitro  culture.  Tumor  ceils  were 
harvested  from  tissue  culture  fiasks  and  a  heavy  inoculum  was  injected 
into  the  right  flank  of  the  mice.  When  the  tumors  attained  a  size  of  I- 

2  cm  ia  diameter,  they  were  excised  and  minced  in  PBS.  The  resulting 
suspension  of  tumor  cells  was  filtered  through  sterile  fine-mesh  gauze, 
washed  twice  in  PBS  and  resuspended  in  RPMI  media  (GIBCO,  Grand 
island,  NY)  at  a  concentration  of  5  x  HP  viable  cells/ml.  Cell  viability 
waa  ttmtmd  by  the  ability  to  resist  cell  lysis  and  exciude  Trypan  Blue 
dye  (GIBCO).  Tumors  were  initiated  by  injecting  0. 1  ml  of  fresh  tumor 
inoculum  into  the  right  flank  of  the  mouse.  The  mouse  tumors  were 
genenlly  palpable  at  5  days  and  reached  a  size  of  5-7  mm  at  13-14 
days  at  which  time  treatment  was  started.  At  this  size,  the  small  tumor 
was  homogeneously  white,  and  spontaneous  tumor  necrosis  was  mini¬ 
mal  or  absent. 

Light  Expaanre.  When  tumors  were  of  the  appropriate  size  (as 
indicated  above),  the  animals  were  shaved  in  the  tumor  area  and  given 
i.p.  injections  of  NPe6  in  doses  of  9.5-100  mg/kg  body  weight.  The 
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Fig  1  Absorpuoa  ipacimm  of  NPrt.  PTXi  cell*  van  incuhnted  for  24  h 
with  NPrt  (25  i<Vml)  and  scanned  from  350-700  am  tiling  •  Beckman  DV-7 
ipacirnphrnomemr. 

remainder  of  (1m  ex  peri  mem  was  performed  in  (he  dark  including 
housing  of  tht  animals.  Control  tumor-hearing  animals  received  light 
without  NPrt  as  well  as  NPrt  without  light.  The  expcrimaaul  animals 
were  treated  with  the  laser  light  delivery  system  at  664  nm  described 
below.  Prior  to  illumination,  the  mouse  was  anesthetized  with  Ketamine 
HO  (Parke- Davis),  and  covered  with  a  metal  shield  with  a  circular  hot* 
exposing  only  the  tumor.  Tumor  biopsies  ware  taken  from  selected 
animals  sacrificed  at  24  h  after  treatment.  The  other  animals  remained 
in  the  dark  for  a  period  of  6  weeks.  Biopsy  tiesae  was  immediately  fixed 
in  3%  ghitaraJdehyde:3%  formalin  in  phosphate  buffer,  pH  7.4.  Sam- 
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pies  were  then  dehydrated  in  graded  alcohols,  cleared  in  xylene,  and 
embedded  ia  paraffin.  Six-**  sections  were  cut.  stained  with  hematox¬ 
ylin  and  eosin.  cleared  of  paraffin  in  xylene,  and  dried.  Sections  were 
examined  with  a  Zeiss  Axioms)  microscope,  and  photographed  with 
Panatomic  X  film  (Eastman  Kodak). 

Laser  Light  Delivery  System.  Laser  irradiation  was  performed  with 
a  Cooper  Laaersonks (Santa  Clara,  CA)  770DL  Argon  dye  User  system. 
The  dye  used  ia  the  dye  User  was  DCM  Premixed  Laser  Dye  (Cooper 
Lasersonics)  with  a  taaaag  range  of  610-690  am.  The  dye  User  was 
turned  to  emit  radiation  at  664  ±  I  nm  for  the  entire  experiment.  The 
wavelength  was  verified  esing  a  Jobin  Yvoa  no.  S/3S4  UV  monochro¬ 
mator  (Longjunean,  France).  The  radiation  from  the  dye  User  was 
coupled  into  a  400-*a  hoed  silica  fiber  optic.  The  output  end  of  the 
fiber  optic  was  trims* atrd  with  a  microlens  that  focused  the  User 
radiation  into  a  ciradar  field  of  uniform  fight  intensity.  Laser  irradu- 
tion  emanating  from  the  fiber  was  monitored  with  a  Coherent  Model 
210  power  meter  before  and  offer  treatment. 

Mice  were  placed  nadrmrifh  an  aperture  that  controlled  the  area  of 
light  illumination  on  the  minor  site.  The  area  of  illumination  was  1 
cm2.  Total  User  energy  density  was  100  J/cm2  with  a  power  density  of 
100  mw/em2. 

Dow  Bespeaw  Sandy.  A  total  of  192  light- .retted  tumors  were 
examined:  12  animal* each  at  NPrt  doses  of  0.3,  I,  2.  3,  4,  5.  6,  7.  8. 
9,  10,  20,  40,  60,  80,  and  100  mg/kg.  Two  aniraaU  were  sacrificed  at 
24  h  after  treatment  and  their  tumors  removed  for  histopathological 
analysis  as  described  above.  The  remaining  10  animals  in  each  group 
were  returned  to  the  dark  for  a  period  of  6  weeks  to  determine  the 
percentage  of  animals  cured.  Control  experiments  were  also  carried 
out:  12  animals  with  NPrt  (100  mg/kg)  without  light  and  12  animals 
with  100  J/cm2  light  without  NPrt. 

Skia  Phataaanridvhy  Study.  Animals  were  given  i.p.  injections  of  10 
mg/kg  of  either  NPrt  ar  Pbocofrin  11.  An  isolated  patch  of  skin  on  the 
right  hind  leg  of  the  aniaud  manuring  1  cm2  was  subsequently  exposed 
to  light  (664  am  for  NPrt;  630  am  for  Photofrin  II)  24  h  later.  A  total 
of  60  light-treated  anhaah  were  examined:  three  animals  each  for  NPrt 
and  Photofrin  II  at  dares  of  100,  200.  300,  400.  300,  600.  700.  800, 
900,  and  1000  J/cm2.  Control  experiments  were  also  carried  out:  three 
animals  with  664  nm  tight  at  1000  J/cra2  and  three  animals  with  630 
nm  light  at  1000  J/car1  without  drugs.  The  animals  were  returned  to 
th*  dark  and  a  clinical  evaluation  of  the  skin  photosensitiv  ity  was  made 
daily  for  10  days  poinrrarmrnr. 


RESULTS 

The  absorption  spectrum  of  NPrt  in  cells  demonstrated  the 
main  absorption  peks  at  202. 284,  400,  502,  and  664  nm  (Fig. 
7).  The  664-nm  peak  was  selected  for  treatment  because  of  the 
improved  tissue  transmittance  of  light  at  this  longer  wavelength. 
The  effect  of  NPe6  and  activating  red  light  at  664  nm  on  1 92 
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Fig.  3.  Photomicrographs  of  E.MT-6  tu¬ 
mor  treated  with  NPe6  (S  mg/kg)  and  100  J/ 
cm1  light  at  24  h  postinieetion.  Biopsies  shown 
wen  taken  24  h  after  'aser  irradiation.  In  a, 
nose  the  ran  areas  of  hemorrhagic  necrosis 
throe  ghoul  the  entire  tumor  A,  high  power 
magnification  of  a  showing  tumor  cells  in  vary¬ 
ing  stages  of  cell  death  and  disintegration  in  a 
sea  of  red  blood  cells,  «,  100  x;  4.  $70  x. 


Table  2  Photofrin  It  renau  NPti  stun  photostniUiity 
Animals  treated  with  10  mg/kg  of  each  drug  and  irradiated  24  h  later  at  a 
power  density  of  100  mw/cnr1. 


Clinic*!  evaluation' 

Dost  of  lifht 

Photofrin  It 

NPe6 

(J/cmO 

(630  nra) 

(664  null 

100 

0 

200 

0 

300 

++++ 

0 

400 

0 

$00 

0 

600 

++++ 

0 

700 

0 

800 

0 

900 

0 

1000 

0 

*0,  no  response;  +•,  erythema;  *■*,  blistering;  •*■++.  crusting/erosion;  +■+++, 

nsemtis. 


tumors  in  mice  is  summarized  in  Table  1.  With  100  J/cm2  of 
light  exposure  at  a  power  density  of  100  mw/cm2,  we  obtained 
a  100%  cure  rate  at  NPed  doses  of  8-100  mg/kg.  Cure  is 
defined  as  no  palpable  tumor  mass  at  least  6  weeks  after 
treatment  Without  treatment,  100%  of  these  animals  died 
within  1  month  of  tumor  inoculation.  In  the  experimental 


animals,  there  was  complete  disappearance  of  palpable  tumor 
mass  with  biopsy  confirmed  tumor  necrosis  beginning  24  h 
after  light  treatment.  Tumor  tissue  biopsy  of  these  animals  at 
24  h  posttreatment  revealed  massive  hemorrhagic  necrosis  with 
frank  extravasation  of  red  blood  cells  into  the  surrounding 
tumor  stroma.  The  tumor  ceil  architecture  is  characterized  by 
nuclear  pyknosis  and  karyorrhexis,  with  only  minimal  preser¬ 
vation  of  the  basic  cellular  shape  permitting  recognition  of  the 
cellular  outline  in  a  sea  of  amorphous  granular  debris  (Fig.  3). 
The  entire  tumor  mass  disintegrated  into  a  nonpalpable  scab 
within  a  few  days  after  treatment  and  eventually,  the  skin 
completely  healed  with  varying  degrees  of  hair  regrowth.  At 
NPe6  doses  of  5-7  mg/kg,  all  animals  responded  to  the  treat¬ 
ment  with  varying  results  of  partial  to  complete  necrosis.  How¬ 
ever,  regrowth  of  ;he  noncured  tumors  (partial  necrosis)  gen¬ 
erally  was  apparent  within  7-8  days  and  usually  occurred 
around  the  periphery  of  the  original  tumor.  These  tumors  grew 
as  rapidly  as  the  nontreated  tumors  and  these  animals  subse¬ 
quently  died  of  rumor  bulk  at  the  same  time  as  the  untreated 
controls.  Between  doses  of  NPeb  (2-4  mg/kg)  there  was  partial 
necrosis  with  no  cures  and  at  doses  of  0.5- 1  mg/kg  no  response. 

Additionally,  we  attempted  to  determine  the  isolated  skin 
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photosensitivity  of  animals  receiving  NPe6  (10  mg/kg)  versus 
Photofrin  II  (10  mg/kg)  at  light  doses  of  100-1000  J/cm3. 
Animals  that  received  Photofrin  II  (10  mg/kg)  and  light  up  to 
1000  J/cm:  (630  nm)  showed  severe  blistering  with  subsequent 
skin  slough  at  100-700  J/cm3  and  frank  skin  necrosis  at  300 
J/cm3  or  more.  Animals  that  received  NPe6  (10  mg/kg)  and 
light  to  doses  as  high  as  1000  J/cm3  (664  nm)  showed  no  signs 
of  erythema  (Table  2).  Control  animals  with  1000  J/cm3  of 
light  at  either  the  630  nm  or  664  nm  wavelengths  showed  no 
signs  of  erythema. 

DISCUSSION 

During  the  past  10  years,  the  selective  photodegradarion  of 
malignant  tissue  by  hematoporphyrin  derivative  has  proved  to 
be  a  promising  new  therapeutic  modality  in  the  treatment  of 
cancer.  In  some  cases,  it  may  be  a  viable  alternative  to  debili¬ 
tating  surgery,  while  in  others,  it  may  be  the  treatment  of 
choice.  However,  despite  its  broad  experimental  application  in 
clinical  oncology,  efforts  have  been  hampered  by  the  lack  of  a 
complete  unoerstanding  of  what  active  component  in  the  HpD 
complex  is  responsible  for  tumor  uptake  and  retention.  The 
most  active  component  has  been  described  as  a  dihematopor- 
phyrin  ether  by  Dougherty  (19)  or  as  a  dihematoporphyrin 
ester  by  Kessd  (20).  Even  though  there  is  an  increased  tu¬ 
morneighboring  tissue  porphyrin  content  ratio  following  HpD 
administration,  the  amount  retained  by  normal  tissues  such  as 
the  skin,  liver,  spleen,  and  kidney  is  significant.  This  is  sufficient 
to  cause  nonspecific  skin  necrosis  following  PDT  of  cutaneous 
malignancies  as  well  as  photocutaneous  side  effects  which  can 
persist  up  to  4  to  6  weeks  after  HpD  administration.  These 
problems  as  well  as  a  relatively  weak  porphyrin  absorption  band 
and  low  tissue  transparency  at  630  nm  resulting  in  inefficient 
phototoxicity  have  resulted  in  considerable  effort  being  devoted 
to  developing  new  and  more  efficient  tumor  localizing  photo¬ 
sensitizers  for  PDT. 

The  chlorins  are  known  to  have  strong  absorption  bands  with 
high  molar  extinction  coefficients  at  wavelengths  greater  than 
650  nm  thus  providing  an  advantage  over  the  lower  tissue 
penetrance  of  630  nm  used  for  HpD.  Our  study  was  undertaken 
to  evaluate  the  photosensitizing  potential  of  NPe6  with  a  sig¬ 
nificant  absorption  band  located  at  664  nm. 

This  study  describes  the  first  successful  “cures”  resulting  in 
long  term  animal  survival  with  NPe6  and  light.  The  results  of 
our  study  suggest  dint  NPe6  is  an  effective  tumor  photosensi¬ 
tizer  in  vivo.  Our  study  shows  that  100%  cure  rates  can  be 
obtained  at  an  NPe6  dose  as  low  as  8  mg/kg.  In  no  animals  has 
the  tumor  reappeared  after  6  weeks  following  treatment  We 
can  expea  a  30-50%  cure  in  animals  receiving  5-7  mg/kg. 
Animals  that  received  2-4  mg/kg  of  NPe6  exhibited  no  cures 
but  did  have  some  observable  response.  Animals  that  received 
NPe6  (0.5-1  mg/kg)  showed  no  response.  The  amounts  of  light 
energy  used  in  this  experiment  have  been  shown  by  our  group 
(21-23)  and  others  (24)  to  effectively  destroy  the  EMT-6  tumor 
in  conjunction  with  HpD.  Further  studies  on  the  uptake  and 
excretion  of  NPt6  by  proliferating  tumor  ceils  are  needed  to 
determine  the  optimal  time  for  light  exposure  after  injection. 

As  mentioned  previously,  a  major  drawback  of  tb>s  form  of 
therapy  is  the  potential  for  drug-induced  sensitivity  to  sunlight. 
These  effects  are  not  trivial  and  may  result  in  symptoms  ranging 
from  slight  erythema  and  edema  to  extensive  skiu  damage  and 
necrosis.  Ideally,  the  photosensitizer  should  be  modified  to 
avoid  the  deleterious  effects  on  normal  skin  tissue  upon  light 
exposure.  In  the  experiment  reported  here,  animals  that  re¬ 


ceived  NPe6  (14  mg/kg)  and  100-1000  .I/cm3  of  light  showed 
no  deleterious  side  effects  whereas  the  HpD  animals  suffered 
adverse  skin  racoons  such  as  blistering  with  subsequent  skin 
slough  and  necrosis.  This  lack  of  skin  photosensitivity  which 
minimizes  undaired  side  effects  is  clearly  an  advantage  of 
NPe6.  These  renits  suggest  that  NPe6  may  provide  a  realistic 
approach  to  the  treatment  of  tumors  where  exposure  to  sunlight 
is  unavoidable  ar  even  desirable. 

While  our  is  promising,  the  studies  on  NPe6  are  still 
at  an  early  pbaw.  Unanswered  questions  include  delineation  of 
light  and  drag  dosimetry  parameters,  mechanisms  of  tumor 
localization,  pnrible  uptake  in  other  organs  such  as  liver, 
intestine,  spim,  aad  kidney  as  well  as  determination  of  PDT 
cytotoxicity.  It  is  hoped  that  future  investigation  will  address 
these  questions  so  that  the  role  of  NPe6  in  the  management  of 
cancer  can  be  My  defined. 
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Abstract  The  1 93-nm  ultraviolet  beam  from  an  argon  fluoride  expmer  laser 
was  focused  on  the  corneas  of  rabbits  to  produce  incisions  of  the  type  neces¬ 
sary  for  radial  keratotomy.  The  energy  densities  used  were  in  two  ranges.  1.0  to 
2.1  J/c rr?  per  pulse  and  200  to  700  mj/crrr2  pu  pulse.  The  eyes  were  enucle¬ 
ated  and  fixed  fa  histologic  and  electron  microscope  exam  nation  immediately 
after  exposure.  Structural  analysis  of  the  lucrier  energy  density  exposures 
showed  ridging  on  the  surface  of  the  cornea,  rmcropitting  on  the  stromal 
surface  inside  the  cut.  and  denudation  of  the  endothelium  under  the  ablation 
zone.  The  Iowa  energy  density  incisions  did  not  exhibit  significant  surface 
ridging  a  endothelial  cel  loss  but  did  exhibit  significant  stromal  swelling  dunng 
the  lasa  exposure  thus  making  it  difficult  to  produce  incisions  of  a  precisely 
controlled  depth.  Seam  profile  measurements  and  infrared  thermal  measure¬ 
ments  of  the  cornea  surface  during  laser  exposure  were  made.  [Key  wads: 
cornea,  electron  miaoscope,  laser,  ultraviolet.]  0)>htnaJmology  95:1422- 
1433.  1988 


The  use  of  the  ultraviolet  193-nm  excimer  laser  for 
surgical  use  on  the  cornea  has  been  suggested  in  several 
studies  since  the  first  study  by  Trokel  et  al1  in  1983  and 
others. 1-4  The  apparent  a  thermal  removal  of  corneal  tis¬ 
sue  by  a  process  termed  ablative  photodecomposition  is 
common  in  all  of  these  investigations.7  Despite  the  origi¬ 
nal  excitement  generated  by  the  possibility  of  producing 
precisely  controlled,  athermal  laser  surgery  on  the  cor¬ 
nea,  this  approach  is  moving  very  slowly  toward  clinical 
application.  The  reasons  for  this  are  the  many  variables 
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and  contraindications  r'  at  must  be  taken  into  consider¬ 
ation  before  acceptance  of  a  new  modality  as  complex  as 
an  ultraviolet  laser  beam.  Some  of  the  issues  that  remain 
unresolved  are;  ( 1 )  the  levels  of  mutagenesis  and  carci¬ 
nogenicity  of  the  beam;  (2)  wound  healing  after  tissue 
removal;  (3)  geometry  of  laser  incidence  on  the  cornea; 
and  (4)  determination  of  the  best  dosimetry  for  maximal 
rate  of  tissue  removal  with  minimal  effects  on  the  epi¬ 
thelium  and  endothelium. u 

In  the  current  study,  we  have  investigated  some  cf  the 
above-mentioned  factors  with  particular  emphasis  on 

( 1 )  dosimetry  for  optimal  and  consistent  tissue  removal, 

(2)  characterization  of  the  structural  alteration  of  the 
cornea,  and  (3)  possible  contraindications  caused  by 
corneal  swelling  during  laser  exposure. 


MATERIALS  AND  METHODS 

Experimental  cornea!  ablations  at  193  nm  were  con¬ 
ducted  with  a  Lambda  Physik  EMU  lUJ-MbC  excimtr 
la.**:  (Gottingen.  FRGV  It  contained  helium,  fluorine. 
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fig  1.  A,  laser  system  using  50-mra  spherical  less  and  150-mm  cylindrical  lens.  B,  laser  system  similar  to  one  used  by  Dehm  et  al4  in  1986. 
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and  argon  gases  to  a  total  pressure  of 2200  millibars  and 
was  operated  in  the  stable  configuration. 

In  the  initial  studies,  the  laser  operating  at  5  to  10  Hz 
output  was  focused  through  a  50-mm  spherical  lens,  a 
193-nm  reflecting  mirror,  and  a  150-mm  cylindrical 
lens  (Fig  1A).  The  beam  image  was  either  passed 
through  a  copper  mask  or  imaged  directly  onto  the  cor¬ 
neal  surface.  In  later  studies,  a  lens  configuration  was 
employed  similar  to  that  used  by  Dehm  et  al.*  Laser 
output  operating  at  10  to  50  Hz  was  shaped  through  an 
attenuator,  a  5.5-mm  diaphragm,  a  reflecting  mirror, 
and  a  1 50-mm  planocylindrical  lens.  The  beam  was 
imaged  directly  onto  the  corneal  surface  with  dimen¬ 
sions  of  6.0  X  0.2  mm  (Fig  IB).  Pulse  energies  were 
measured  at  the  laser  head  and  at  the  corneal  surface 
with  Gentec  #ED500  (Quebec,  Canada)  and  Coherent 
#201  (Palo  Alto,  CA)  meters.  A  Spiricon  Model 
#LMP-32  x  16  matrix  array  detector  (Logan,  UT)  was 
used  to  make  beam  profile  energy  measurements  of  the 
laser  output  in  the  configuration  depicted  in  Figure  1 B. 
Energy  per  pulse  ranged  from  0.2  to  2.  t  J/cm2.  Total 
energy  ranged  from  120  to  1216  J/cm2  with  exposure 
times  from  9  to  180  seconds.  An  Inframetrics  thermal 
camera  #600  with  a  close-up  lens  (Bedford,  MA)  was 
used  to  measure  the  temperature  rise  at  the  incision  site 
during  laser  exposure. 

A  total  of  25  male,  Dutch  Cross  rabbits  were  used. 
Rabbits  weighing  2  to  5  kg  were  anesthetized  with  Ace- 
promazine  (plegidl)  (0.8  ml/kg)  and  a  mixture  of  Rom- 
pum  (xylazine):ketamine  (0.25:0.49  ml/kg).  Two  ani¬ 
mals  were  euthanatized  with  an  intravenous  injection  of 
0.5  ml  euthanol,  and  the  eyes  were  enucleated.  After 
immersion  in  a  Millonig’s  buffer  rinse,  each  eye  was 
placed  on  a  specimen  stage  for  irradiation.  In  the  re¬ 
maining  23  animals,  the  eyes  were  treated  with  Opthetic 
(0.05%  proparacine  HQ)  as  a  topical  anesthetic.  Ani¬ 
mals  were  immobilized  in  a  holder  and  carefully  posi¬ 
tioned  on  their  side  to  expose  one  eye  which  was  held 
open  for  irradiation. 

Twenty-two  animals  were  assumed  to  have  normal 


corneal  thicknesses  of  380  to  400  ^m.  Irradiation  times 
were  calculated  from  experimental  ablation  rates  (mi¬ 
crons  oF  tissue  removed/ second)  at  a  known  energy 
density.  In  three  rabbits,  central  corneal  depths  were 
measured  with  a  Polkington  specular  microscope  before 
irradiation.  Exposure  times  were  set  using  calculated 
average  ablation  rates  from  previous  experiments. 
Within  30  minutes  of  irradiation,  the  animals  were  eu¬ 
thanatized  and  eyes  were  enucleated  and  rinsed  in  0.2  M 
sodium  phosphate  buffer  (pH  7.2).  In  all  eyes,  a  small 
slit  was  made  in  the  lateral  globe  to  facilitate  immersion 
fixation  in  a  buffered  4%  glutaraldehyde  solution.  After 
24  hours  in  glutaraldehyde,  eyes  were  again  rinsed  in 
buffer  and  the  cornea  dissected  out  and  photographed 
using  an  Olympus  AD  camera  system  (La  Palma,  CA) 
through  a  Wild  Heerburg  dissecting  microscope  (Heer- 
brugg,  Switzerland).  One  eye  was  processed  for  both 
light  and  transmission  electron  microscopic  examina¬ 
tions.  The  other  eye  was  processed  for  scanning  electron 
microscopic  examination. 

Light  and  transmission  electron  microscopic  samples 
were  postfixed  in  a  1  %  buffered  osmium  tetroxide  solu¬ 
tion  for  1  hour.  After  a  buffer  rinse,  the  eyes  were  stained 
in  Kellenberger/UA  pH  6.0  for  2  hours,  dehydrated  in 
an  ethanol  series  and  ethanoi/propylene  oxide  mixture, 
and  embedded  in  Medcast  800  epo?  y  resin.  For  light 
microscopic  examination,  0.5  ntn  sections  were  cut  on 
glass  knives  using  a  Reichert  NR321820  or  Sorvall 
MT6000  ultramicrotome.  Sections  were  stained  with 
Richardson’s  stain  and  photographed  on  an  Olympus 
BH  compound  microscope.  Sections  for  transmission 
electron  microscopic  study  were  made  with  a  Dupont 
diamond  knife  and  were  stained  with  a  standard  uranyl 
acetate/methanol  and  lead  counterstain.  Transmission 
electron  microscopy  was  performed  on  either  a  JEOL 
100C  (Peabody,  MA)  or  Philips  EM300  microscope 
(Mahwah,  NJ)  at  80  KV.  Micrographs  were  taken  to 
examine  ultrastructural  levels  of  disruption  at  the  abla¬ 
tion  site.  Samples  obtained  from  scanning  electron  mi¬ 
croscopy  were  also  postfixed  in  1%  osmium  tetroxide. 
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Fig  2.  A.  frontal  and  longi¬ 
tudinal  beam  profile  of  a 
193-nm  beam  editing  the 
laser  cavity  in  the  stable 
configuration.  B.  top  view 
of  beam  profile.  C  thermal 
camera  image  of  corneal 
surface  during  laser  ablation 
at  193  nm.  400  mJ/cm:  per 
pulse.  50  Hz.  Graph  super 
imposed  on  the  image  is  the 
thermal  profile  across  the 
ablation  site  at  the  bottom 
horizontal  line  (arrow).  This 
thermal  profile  is  from  the 
plume  immediately  follow¬ 
ing  laser  exposure  (see  text). 
The  ambient  temperature 
on  the  corneal  surface  is 
18.4*C.  D,  higher  magnifi¬ 
cation  than  G  The  width  of 
the  central  peak  tempera¬ 
ture  zone  is  300  am.  Notice 
that  the  temperature  of  the 
adjacent  surface  drops  to 
38*C  (light  zone)  almost 
immediately. 


Fig  3.  Rabbit  cornea  with 
incisions  placed  radially 
using  energy  densities  of  1 .0 
to  2.1  i/cmJ  per  pulse  (origi¬ 
nal  magnification,  x  13.75). 


dehydrated  in  acetone,  critical  point  dried,  and  sputter 
coated  with  geld  palladium  on  a  Technics  Hummer  II 
(San  Jose.  CA)  or  gold  on  a  Pelco  PAC-1  evaporating 


system  (Redding,  CA).  Micrographs  were  taken  on  ei¬ 
ther  a  Hitachi  S500  (Mountain  View,  CA)  or  a  Philips 
5 1 5  (Mahwah,  NJ)  scanning  electron  microscope. 
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Fig  4.  A,  an  80%  incision 
produced  with  315  J/cm: 
over  a  30-second  irradiation 
period  (2. 1  J/cm2  per  pulse). 
B,  a  40%  incision  with  the 
same  irradiation  parameters 
as  A,  notice  the  epithelial 
ridge  (arrow)  (original  mag¬ 
nification,  XI 80). 


B 


RESULTS 


BEAM  PROFILE  AND  THERMAL  MEASUREMENTS 

Energy  profiles  of  the  193-nm  exrimer  laser  beam  are 
presented  in  Figure  2  A  and  B.  Figure  2A  is  a  three-di¬ 
mensional  frontal  view  illustrating  a  gaussian-like  pro¬ 
file  in  cross-section.  Notice  that  the  sides  of  the  gaussian 
are  rather  steep  with  a  minimal  area  of  low-energy  in¬ 
tensity.  Figure  2B  is  a  contoured  energy  profile  from  a 
dorsal  view. 

An  infrared  thermal  profile  across  the  ablation  zone 
in  a  dorsal  view  is  presented  in  Figure  2,  C  and  D.  The 


different  gray  levels  represent  temperature  differences 
around  the  central  ablation  site.  The  average  tempera¬ 
ture  profile  across  the  ablation  zone  during  exposure 
(laser  operating  at  50  Hz;  400  mJ/cm*  per  pulse)  dem¬ 
onstrates  a  background  (ambient)  temperature  of 
18.4*C  with  average  temperatures  at  the  corneal  surface 
immediately  adjacent  to  the  ablation  zone  of  38°C.  Be¬ 
cause  of  the  characteristic  scan  rates  of  the  thermal  cam¬ 
era  (horizontal  8000  Hz,  vertical  60  Hz),  the  readout 
position  of  the  scanner,  for  most  pulses  will  not  be  near 
the  point  of  laser  impact  at  the  time  of  incidence.  Thus, 
the  average  temperature  of  the  cornea  at  a  later  time 
(within  the  time  interval  1/60  second  -  16.6  msecond) 
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Ftf  5.  A.  high-powcr  ma*- 
Difemuoa  light  micrograph 
of  Figure  4B  (original  mag¬ 
nification.  xJ2J).  B,  Scan¬ 
ning  dectron  micrograph  of 
corneal  ridge  (original  oag- 
nificatioa.  X260L 


is  recorded.  However,  for  some  laser  pulses,  the  scanner 
will  be  at  a  position  such  that  when  it  crosses  the  image 
held  it  coincides  with  the  laser  pulse  (to  within  1/8000 
second  -  1 25  ^second).  For  this  case,  a  higher  tempera¬ 
ture  is  recorded  during  one  single  scan  line.  This  can  be 
understood  by  noting  that  on  impact,  each  laser  pulse 
produces  an  ablation  plume  which  lasts  up  to  150  >iaec- 
ends.’  This  plume  consists  of  a  varified  plasma  and  al¬ 
though  it  is  characterized  by  a  high  temperature  it  does 
not  emit  strongly  within  the  8-  to  12-um  response  of  the 
thermal  camera,  thus  giving  rise  to  a  temperature  read¬ 
ing  (53*C)  that  is  considerably  lower  than  the  actual 
plume  temperature.  The  arrew  in  Figure  2C  indicates 
the  line  across  the  corneal  surface  of  this  temperature 
profile.  A  higher  magnification  image  depicting  that 
thermal  scan  line  is  presented  in  Figure  2D.  The  arrow 
points  to  the  peak  temperature  at  the  center  of  the  inci¬ 
sion.  The  scale  indicates  that  the  width  of  this  peak 
temperature  zone  is  200  to  300  pm.  The  temperature 
rise  of  the  corneal  surface  in  between  individual  pulses 
at  a  50- Hz  pulse  rate  demonstrated  a  maximum  temper¬ 
ature  of  38*C  (Fig  2,  C  and  D). 

HIGH  ENERGY  PER  PULSE 

In  order  to  maximize  the  rate  of  tissue  removal  and 
minimize  the  total  procedure  time,  energy  densities 
from  1.0  to  2. 1  J/cnv  per  pulse  at  5  Hz  were  tried.  In  a 
typical  experiment,  a  series  of  radial  incisions  were 
placed  in  eyes  that  had  their  central  zone  protected  by  a 
shield  (Fig  3).  Pairs  of  incisions  were  produced  at  1 5.  20, 


25,  and  30  seconds  of  focused  laser  exposure.  Upon 
sectioning  and  examination,  it  was  obvious  immediately 
that  seemingly  identical  total  energy  densities  produced 
different  results.  At  maximum  exposure  (30  seconds, 
315  J/cm2)  one  incision  extended  80%  through  the  cor¬ 
nea  (Fig  4A),  whereas  another  extended  only  40%  (Fig 
4B).  In  addition,  m  the  80%  incision  the  endothelium 
was  denuded  from  Descemet's  membrane.  In  the  40% 
incision,  no  effect  was  detected  in  the  endothelium  but 
there  was  a  definite  folding  over  or  “ridging”  of  the 
surface  epithelium  along  the  incision  on  the  surface  of 
the  cornea.  The  cells  in  the  folded-up  ridge  stained 
much  less  and  appeared  sharply  altered  from  those  in 
the  adjacent,  unaffected  epithelium  (Fig  3A).  When  a 
large  number  of  incisions  were  examined  with  the  scan¬ 
ning  electron  microscope,  this  ridging  phenomenon  was 
frequently  observed  (Fig  5B). 

Analysis  of  the  endothelium  by  transmis¬ 

sion  electron  microscopy  (Fig  6A)  showed  a  progression 
from  total  cellular  destruction  with  fragmented  external 
and  internal  membranes  and  organelles  (Fig  6B)  to  a 
relatively  intact  endothelial  cell  with  disruption  primar¬ 
ily  in  the  internal  membranous  organelles  (Fig  6C).  The 
cell  closest  tc  the  denuded  zone  exhibited  the  former 
characteristics  and  the  next  cell  moving  away  from  the 
denuded  zone  exhibited  the  latter  characteristics.  This 
cell  had  normal-appearing  nuclear  chromatin  and  nu¬ 
clear  envelope.  Remits  of  the  low-power  micrographic 
examination  snowed  a  normal  Descemet's  membrane 
(Fig6A). 

Transmission  electron  microscopic  images  of  the 
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Fig  «.  Transmission  elec¬ 
tron  micrographs  of  the 
cornea  base  underneath  the 
incision  in  Figure  4A.  A, 
low-power  magnification  of 
the  denuded  Descemet's 
membrane  and  two  adja¬ 
cent  endothelial  cells  with 
progressive  damage  (origi¬ 
nal  magnification.  X2700). 
B,  higher  magnification  of 
the  endothelial  cell  immedi¬ 
ately  adjacent  to  the  de¬ 
nuded  portion  of  Desce- 
met’s  membrane  (original 
magnification,  x  13.200).  C 
neat  cell  distal  to  the  de¬ 
nuded  region  (original  mag¬ 
nification.  x  1 3,200). 


stromal  surface  inside  the  incision  showed  areas  of 
micro-pitting  (Fig  7  A,  arrows).  A  higher  magnification 
demonstrated  that  there  was  some  lightly  staining  par¬ 
ticulate  material  in  these  micro-pits.  In  addition,  an 
electron-dense  pseudomembrane,  approximately  25  nm 
in  width,  extended  over  the  entire  ablated  stromal  sur¬ 
face  as  well  as  into  the  micro-pits.  Normal-appearing 
collagen  fibers  could  he  seen  in  both  longitudinal  ar.d 
cross-section  closely  apposed  to  the  pseudomembrane 
(Fig  7B). 

LOW  ENERGY  PER  PULSE 

At  lower  energy  densities  (200-700  mJ/cm:)  and 
higher  pulse  rates  (10-50  Hz),  incisions  were  made  that 
varied  from  10  to  100%  through  the  come?.  (Table  1). 


The  higher  pulse  rates  were  used  in  order  to  reduce  the 
length  of  time  that  was  required  to  make  the  incisions.  It 
was  evident  that  there  was  little  correlation  between  the 
total  energy  and  the  depth  of  the  cut.  For  example,  two 
identical  total  energies  of  158  J/cmJ  at  220  mJ/cnr  per 
puls:  resulted  in  53  and  61%  cuts.  Similarly,  800  J/cm* 
at  670  rnJ/cm1  per  pulse  resulted  in  incisions  of  100 
and  50%. 

in  addition  to  the  variation  in  incision  depth,  consid¬ 
erable  swelling  of  the  cornea  was  observed  during  the 
actual  procedure.  The  average  swelling  in  the  ablation 
region  was  26%  for  the  208-  to  246-mJ/cm2  lesions  and 
48%  for  the  670-mJ/cm:  lesions  (Table  1).  The  swelling 
was  clearly  in  the  region  of  the  laser  exposure  as  evi¬ 
denced  by  scanning  electron  microscopic  examination 
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F»«  7.  Transmission  dec* 
tron  micrographs  of  the 
stromal  surface  inside  the 
ablation  tone  of  the  incision 
in  Figure  4A.  A.  low  power 
magnification  illustrating 
micro-pitting  (arrows)  (orig¬ 
inal  magnification  x  10,0001 
B,  higher  magnification  'll* 
lustnting  granular  material 
within  the  micro-pits  and 
pseudomembrane  along  the 
entiie  ablated  surface.  No¬ 
tice  collagen  fibers  in  arm- 
section  and  longitudinal 
section  (original  magnifica¬ 
tion.  x  23,000). 


(Fig  8)  and  light  microscopic  examination  (Fig  9).  Re¬ 
sults  of  light  microscopic  examination  did  not  show  any 
piling  up  of  cells  on  the  surface  at  the  incisions  as  ob¬ 
served  with  the  higher  energy  deniities  (previous  sec¬ 
tion).  However,  the  epithelial  cells  immediately  adjacent 
to  the  incision  lines  did  stain  less  intensely  than  the 
normal  surface  epithelium  (Fig  10A). 

Transmission  electron  microscopic  analysis  con¬ 
firmed  that  there  was  no  evident  damage  to  the  endothe¬ 
lium  oi  Dcscemet’s  membrane.  By  contrast,  consider¬ 
able  ultrastrurtural  damage  was  evident  in  the  epithelial 


cells  that  were  closest  to  the  incision  line  on  the  surface 
of  the  comet.  The  damage  extended  in  a  two-to-four  cell 
margin  along  the  length  of  the  incision-  Ultrastructur- 
ally,  these  celts  exhibited  very  weak  cytoplasmic  staining 
(Fig  10B.O  with  gross  damage  to  the  cell  membrane  on 
the  exposed  surface  of  the  cornea.  The  rest  of  the  cyto¬ 
plasm  exhibited  vacuolition,  scattered  eiectron-dense 
material,  and  general  disorganization.  In  one  cell  (Fig 
iOC),  a  nucleus  adjacent  to  the  ablated  surface  had  a 
ruptured  nuclear  envelope  with  the  chrotiwtin  extruded 
extracellulariy. 
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Table  1  Laser  Parameters  for  Corneal  Ablation 


Corneal  Thickness 

Pulse  Energy  Density 
(mj/cm2  per  pulse) 

Time  of  Experiment 
(seconds) 

Total  Energy  Density 
(J/cm-) 

Corneal  Ablation 
(%) 

Pre-aOlation 

(mm) 

Post-aOlaticn 

(mm) 

uorneai 

Swelling 

(%) 

50  Hr 

2S8 

9.0 

120 

51 

440 

550 

25 

246 

10.5 

123 

77 

470 

530 

13 

! 

j 

246 

12.8 

158 

53 

470 

600 

28 

j-  x  =  25 

246 

12.3 

158 

61 

470 

620 

32 

246 

17.9 

220 

60 

450 

620 

38 

i 

246 

20.4 

251 

82 

410 

490 

20  , 

I 

10  Hr 

670 

30 

201 

100 

400 

610 

53  1 

670 

60 

402 

17.5 

450 

570 

27 

670 

60 

402 

89 

530 

720 

36 

670 

120 

804 

IOC 

520 

940 

31 

\  x  -  48 

670 

120 

804 

50 

420 

610 

45 

670 

180 

1216 

50 

430 

600 

40 

670 

180 

1216 

70 

430 

660 

53  J 

The  damage  along  the  ablated  stromal  surface  within 
the  ablation  zone  was  different  than  that  observed  with 
the  higher  energy  density  exposures.  No  micro-pitting 
was  observed  either  at  the  bottom  of  the  cut  (Fig  1 1  A)  or 
along  the  sides  (Fig  1  IB).  The  surfaces  were  smooth  and 
more  undulating  than  in  the  higher  energy  density  situa¬ 
tion.  The  electron-dense  “pseuoomembrane”  appeared 
either  broken,  not  as  smooth,  or  not  evident  at  all.  In  the 
latter  case,  the  cut  ends  of  the  collagen  fibers  were  di¬ 
rectly  exposed  along  the  ablation  surface.  Blood  cells 
were  evident  at  the  bottom  of  the  ablation  zone 
(Fig  1 1A). 


DISCUSSION 


The  results  of  the  high-energy  density  experiments 
( 1.0-2. 1  J/cm2  per  pulse)  confirm  the  work  of  others 
with  respect  to  an  apparent  dean  removal  of  comeal 
stroma  with  minimat  thermal  damage  tc  adjacent  struc¬ 
tures.  However,  it  is  also  clear  that  despite  the  relatively 
low  pulse  repetition  rate  of  5  Hz,  there  is  considerable 
damage  produced  on  the  surface  of  the  comen.  The 
“ridging”  phenomenon  may  be  caused  by  the  force  of 
the  ejected  material.  As  illustrated  by  PuJiafito  et  al,’ 
using  high-speed  photography,  the  ejection  of  this  mate¬ 
rial  from  the  surface  can  be  graphically  documented 
over  a  500- ns  to  1 50-jitecond  period  after  laser  expo¬ 
sure.  Those  studies  used  energy  densities  of  up  to  900 
mJ/cm2,  and  it  was  estimated  that  the  material  was 
ejected  from  the  comeal  surface  with  supersonic  veloci¬ 
ties.  It  is  conceivable  that  material  hitting  the  side  of  the 
laser  incision  at  the  comeal  surface  could  result  in  the 
surface  being  “pushed  up”  as  the  material  is  ejected.  The 
damage  observed  in  the  endothelium  below  Descemet’s 
membrane  is  reminiscent  of  that  described  by  Marshall 


et  al.5  As  in  their  study,  we  observed  endothelial  cell  loss 
in  the  zone  under  the  region  of  laser  exposure  even 
though  Descemet's  membrane  remained  intact.  This 
was  particularly  evident  in  samples  that  had  ablation 
depths  greater  than  50%.  It  is  possible  that  this  resulted 
cither  from  penetration  of  some  193-nm  photons  to  the 
endothelium  or  from  a  shock  wave  that  generated  from 
the  point  of  User  focus  in  the  cornea.'0  However,  in  the 
latter  case,  one  might  expect  to  see  damage  in  Desce¬ 
met's  membrane.  The  nature  of  the  endothelial  cell 
damage  would  suggest  a  nonshock  wave  effect.  Though 
the  first  detectable  damaged  cell  was  completely 
disrupted  with  respect  to  its  outer  and  inner  mem¬ 
branous  components  (Fig  6B),  the  second  cell  was  intact 
except  for  its  inner  membranous  components  (Fig  6 C). 
This  observation  plus  the  intact  nature  of  Descemet’s 
membrane  would  argue  against  a  shock  wave. 

Transmission  electron  microscopic  pictures  of  the 
stromal  surface  in  the  ablation  zone  showed  an  elec¬ 
tron-dense  “pseudomembrane”  along  the  entire  abla¬ 
tion  surface  that  appeared  identical  to  that  described  by 
other  investigators.2-5  However,  unlike  both  of  these 
previous  studies,  we  have  observed  small  micro-pits  or 
fissures,  extending  into  the  stroma  from  the  ablation 
surface.  These  fissures  are  not  due  to  splitting  of  the 
stroma  caused  by  a  stretching  or  tension  as  evidenced  by 
the  fact  that  the  pseudomembrane  extended  unbroken 
along  the  surface  of  the  pits.  It  is  possible  that  the  pitting 
was  caused  by  uneven  distribution  cf  the  photons  in  the 
beam  resulting  in  high-intensity  microfluences  that  re¬ 
sulted  in  deeper  ablation  points  along  the  incision  sur¬ 
face.  However,  our  beam  profile  data  indicate  a  rela¬ 
tively  uniform  gaussian  photon  distribution.  Since  no 
other  published  studies  provide  beam  profile  data,  it  is 
not  possible  to  make  direct  comparisons  with  our  stud¬ 
ies.  it  is  possible  that  some  of  the  effects  we  have  ob- 
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R,*.  Low-power  scanning 
electron  micrograph  of  cor¬ 
neal  surface  after  cxpocure 
to  290  mJ/cm:  per  palm  tor 
10  seconds  at  1}  Hz.  Noace 
swelling  along  the  incision 
line  (original  aagmncaiion. 
X42). 


Fig  9.  Light  micrograph  il¬ 
lustrating  stromal  swelling 
after  exposure  to  246 
iiU/cm:  per  pulse  at  50  Hz 
for  12.8  seconds  (original 
magnification,  x  164). 


served  may  be  due  to  thermal  ablation  in  the  portion  of 
our  focused  beam  that  is  below  threshold  for  photoabia- 
tion.  This,  presumably,  would  be  in  the  low-intensity 
margin  of  the  gaussian  beam  profile  (Fig  2).  However, 
we  do  not  believe  that  this  is  consistent  with  the  mecha¬ 
nism  of  bond  breaking  by  the  high-energy,  193-nm  pho¬ 
tons  since  the  individual  photon  energy  is  the  same  re¬ 
gardless  of  the  beam  profile.  The  sharp  edges  of  the 
gaussian  profile  of  the  excimer  beam  used  in  these  stud¬ 
ies  indicate  that  there  is  little  “tailing  off”  (gradual  de¬ 
crease)  of  energy  toward  the  edges  of  the  focused  ex¬ 


cimer  beam.  At  worst,  this  type  of  profile  would  predict 
an  ablation  zone  that  is  slightly  deeper  in  the  center  than 
in  the  periphery.  Moreover,  the  thermal  camera  data 
indicate  a  temperature  rise  that  is  not  sufficient  to  cause 
major  structural  damage  such  as  charring  and  coagula- 
lation  (see  subsequent  discussion). 

The  structural  results  using  energy  densities  of  200  to 
700  mJ/cmJ  per  pulse  were  comparable  with  the  studies 
of  other  investigators  with  respect  to  the  absence  of 
ridging  along  the  corneal  surface,  smoothness  of  the  ab¬ 
lation  tnside  the  cut  zone,  and  a  lack  of  micro-fissures. 
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Fig  10.  Light  and  trammiv- 
sion  electron  micrographs 
of  corneal  incision  pro¬ 
duced  with  268  mJ/cmJ  per 
pulse  at  SO  Hz  for  9  seconds. 
A,  low-power  light  micro¬ 
graph  illustrating  incision 
depth  of  50%  and  minimal 
stromal  swelling  (original 
magnification,  X150).  B, 
moderate-power  electron 
micrograph  illustrating  dis¬ 
rupted  and  vacuolated  cyto¬ 
plasm.  nuclear  extrusion, 
and  general  cellular  damage 
(original  magnification. 
X5800). 


In  addition,  there  was  no  apparent  structural  effect  on 
the  endothelial  layer.  This  is  consistent  with  the  findings 
of  Puliafito  et  al]  and  Dehm  et  al.4  Substantial  swelling 
of  the  corneal  stroma  was  observed  immediately  after 
the  laser  exposure.  This  swelling  appeared  to  be  unre¬ 
lated  to  the  total  energy  density  but  clearly  was  related  to 
the  energy  density  per  pulse.  At  200  to  250  mJ/cm2  per 
pulse,  the  average  swelling  was  26%  as  compared  with 
48%  at  670  mJ/cm2  per  pulse.  Furthermore,  at  identical 
pulse  energy  densities  and  total  densities  (Table  1)  not 


only  was  there  considerable  variation  in  the  amount  of 
swelling,  but  the  ablation  depth  varied  as  well.  The  vari¬ 
ation  in  ablation  depth  with  identical  dosimetric  param¬ 
eters  is  not  surprising  since  the  swelling  could  be  ob¬ 
served  occurring  during  the  actual  laser  exposure.  In 
order  to  have  precise  control  over  ablation  depth,  it 
would  be  necessary  to  monitor  changes  in  corneal 
thickness  during  the  actual  laser  treatment  since  the 
corneal  thickness  changes  during  the  treatment.  Our  re¬ 
sults  clearly  document  substantial  stromal  swelling  simi- 
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Fig  II.  Electron  micro¬ 
graph*  of  the  wrfrce  of  the 
incision  .groove;  illustrated 
in  Figure  10.  A.  micrograph 
of  the  bottom  of  the  inci- 
non  Notice  the  undulating 
surface,  broken  pseudo¬ 
membrane  (compared  with 
Fig  7.  a  and  B),  and  blood 
cells  (original  magnifica¬ 
tion.  xSSOO).  B.  micro¬ 
graph  along  the  ade  of  the 
inciiKM.  Noace  the  broken 
nature  of  the  pseudomem¬ 
brane.  Also  notice  the  ab- 
tence  -f  raiao-ptts;  collagen 
fibers  can  be  seen  in  both 
longitudinal  and  cross-sec¬ 
tion  (original  magnifica¬ 
tion.  XJ800). 


lar  to  that  depicted  by  Seiler  and  Wollensak1 1  (Fig  4)  and 
pointed  out  by  Marshall  et  al.5 

Another  noteworthy  structural  aspect  of  the  lower  en¬ 
ergy  density  incisions  'vas  the  appearance  of  lightly 
stained  ultrastructurally  damaged  epithelial  cells  on  the 
surface  immediately  adjacent  to  the  incision.  This 
would  suggest  that  these  cells  were  affected  either  by  the 
beam  directly  or  by  the  material  being  ejected  from  the 
abUtion  zone.  Alternative  explanations  could  be  ( I )  an 
ozone  effect  on  the  epithelium  in  dose  proximity  to  the 
incision  line  (ozone  levels  at  the  surface  of  the  cornea 


during  irradiation  were  measured  at  200-300  times  the 
background  levels,  unpublished  data),  and  (2)  the  possi¬ 
bility  of  secondary  fluorescence  in  the  ultraviolet  region 
of  the  spectrum  that  is  damage  producing.12  A  major 
thermal  effect  such  as  charring,  coagulation,  or  vapor¬ 
ization  is  unlikely  because  the  thermal  camera  data 
demonstrated  that  'he  corneal  surface  experiences  a 
20®C  rise  in  temperature  (from  thermal 

denaturation  of  biological  molecules  does  not  occur 
until  temperatures  of  40*  to  60°C  are  attained.  Because, 
at  30  Hz.  most  of  the  heat  of  an  individual  pulse  is 
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dissipated  before  the  next  pulse  arrives,  the  comeal  sur¬ 
face  immediately  adjacent  to  the  ablation  zone  only 
reached  a  maximum  temperature  of  38°C.  We  conclude 
that  even  though  there  is  a  thermal  component  to  193- 
nm  laser  ablation  of  tissue,  it  probably  does  not  have  a 
major  contribution  to  tissue  damage  under  the  parame¬ 
ters  used. 

In  conclusion,  the  current  study  confirms  certain 
aspects  of  the  mechanism  of  193-nm  excimer  laser  abla¬ 
tion  for  comeal  surgery.  However,  effects  such  as  cor¬ 
neal  ridging,  epithelial  cell  damage,  stromal  swelling, 
and  difficulty  in  making  incisions  to  predictable  depth 
argue  for  caution  in  human  application. 
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Recent  developments  in  light  and  acoustic  microscopy 

for  biologists 


Edwin  S.  Boatman,  Michael  W.  Bems,  Robert  J.  Walter,  and  John  S.  Foster 


Light  microscopy’s  limit 
of  resolution  is  likely  to 
be  bypassed  by  pther 
systems  of  “optics,” 
such  as  ultrasound 


oblique  lighting,  or  ultraviolet  illumi¬ 
nation  (Allen  et  ai.  1969,  Bradbury 
1984,  Gupta  and  Hinsch  1983,  Need¬ 
ham  1958,  Smith  1984,  1985a,b, 
Spencer  1982,  Zemike  1942). 

LEEUWENHOEK 
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During  the  past  300  years,  the 
optical  microscope  has 
changed  from  a  simple  device 
to  a  sophisticated  research  instrument. 
Although  the  instrument’s  resolution 
reached  its  practical  limit  decades  ago, 
improved  glass  manufacturing  process¬ 
es  and  computer  and  laser  technology 
have  improved  the  precision  of  light 
microscope  optical  components.  In  die 
future,  i:  is  likely  that  the  resolution 
limit  of  the  optical  microscope  will  be 
bypassed  by  other  systems  of  “optics," 
such  as  ultrasound.  Here,  we  review 
recent  developments  in  microscope 
technology  and  use,  particularly  in 
biology. 

Microscopes  and  components 
In  16*3,  Anton  van  Leeuwenhoek 
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designed  and  built  a  hand-held  device 
(Figure  1)  containing  planoconvex 
and  biconvex  lenses  that  had  a  30- 
275  magnification  range,  capable  of 
resolving  certain  forms  of  bacteria.  In 
the  iate  1800s,  Carl  Zeiss,  Ernst 
Abbe,  Otto  Schott,  and  August 
Koehler  formulated  and  expanded  the 
theoretical  basis  of  optical  microsco¬ 
py  and  made  improvements  on  the 
optical  components  as  well.  Much 
later,  more  compiex  instruments, 
such  as  those  in  Figure  2,  were 
developed. 

A  microscope’s  components  are 
generally  dictated  by  the  nature  of  the 
specimen  (e.g.,  biological,  metallurgi¬ 
cal,  or  mineral),  the  magnification 
desired,  and  the  form  of  the  final 
image  (photograph,  projection,  or 
video  display).  The  heart  of  the  in¬ 
strument  is  the  lens  system — the  eye¬ 
piece,  oojective,  and  condenser — and 
the  source  and  alignment  of  the  illu¬ 
mination  (Figure  3). 

The  design  of  each  component  var¬ 
ies  markedly  according  to  the  type  of 
microscopy.  These  include  uensmu- 
ted  illumination,  Zemike  phase-con¬ 
trast  observation,  Nomarski  differen¬ 
tial  interference  contrast,  dark-field 
illumination,  low-power  optics  with 


Figure  !  A. ..on  van  Leeuwenhoek's 
(lf)73:  microscope.  The  obiect  to  he 
viewed  is  placed  on  the  sharp  point,  the 
observer's  eye  is  close  to  the  lens,  and  the 
sun  is  the  light  source. 
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Optical  lenses.  Over  the  years,  the 
major  aberrations  inherent  in  optical 
lenses — spherical  aberration,  chro¬ 
matic  aberration,  astigmatism,  and 
coma — have  been  practically  elimi¬ 
nated,  at  least  in  the  most  expensive 
svstems.  Light  diffraction  by  the  im¬ 
age  and  opncal  system,  however  is 
likely  to  remain  for  some  time  the 
maior  factor  limiting  resolution. 

When  a  source  of  coheient  light 
illuminates  an  object  or  an  aperture,  a 
series  of  fringes  known  as  an  Airy 
disc,  forms  around  the  object's  image 
(Figure  4).  These  fringes  significantly 
affect  the  ability  to  resolve  two  ob¬ 
jects  that  are  very  close  to  each  other. 
The  limit  of  resolution  is  the  mini¬ 
mum  distance  at  which  two  objects 
can  be  distinguished  as  separate  enti¬ 
ties.  The  formulas  for  determining 
resolving  power  vary  slightly  but  may 
be  generalized  as: 


d  = 


X 

2NA 


at 


0.550  ji 

x  1.3 


0.21  ji 


where  d  =  the  minimum  resolvable 
distance  between  two  luminous 
points;  X  »  wavelength  of  light;  and 
NA  (numerical  aperture)  =  n  sin  (half 
the  angular  aperture),  where  n  *  re¬ 
fractive  index  of  the  medium  between 
front  lens  and  cover  glass. 

Spherical  aberration  is  corrected  by 
combining  positive  and  negative  lens 
elements  made  of  different  refractive 
indices  and  dispersions  so  that  axial 
and  peripheral  light  rays  are  focused 
to  the  same  point  on  the  axis  of  the 
tens.  Chromatic  aberration  in  micro¬ 
scope  objectives  was  (and  stil!  is  in 
some  cases)  corrected  with  compen¬ 
sating  eyepieces  (such  oculars  are 
marked  by  K  or  COMP). 

Today,  many  objective  and  ocular 
(eyepiece)  lenses  are  corrected  indi¬ 
vidually  by  use  of  low-dispersion 
glass.  Depending  on  the  degree  of 
correction,  objectives  are  classified  as 
achromats,  hemiapochromats  and 
apoenromats.  A  planaoochromat  ob¬ 
jective  is  corrected  for  four  wave¬ 
lengths  of  spherical  and  chromatic 
aberration  and  produces  a  flat  field. 
The  body  of  this  objective  (e.g.,  Zeiss, 
100x  oil  immersion,  NA  1.3)  con¬ 
tains  a  train  of  12  separate  lenses 
(Figure  5)  and  requires  no  fewer  than 
48 1  steps  to  manufacture. 

A  variety  of  objectives  with  a  num¬ 
ber  of  special  features  is  now  avail¬ 


Figure  2.*.  Zeiss  “Axiomat”  multipurpose  microscope,  b.  Reichert  “Univar"  multipur¬ 
pose  microscope,  c.  Leitz  inverted  microscope  with  mtcromampulator.  d.  Advanced 
Olympus  Vanox-T  microscope  with  automated  features. 


able,  such  as  planachromat  100x  oil- 
immersion  objectives  that  require  no 
cover  glass.  Nikon  makes  a  40  x  ob¬ 
jective  especially  for  inverted  micro¬ 
scopes;  this  objective  has  a  variable 
long-working  distance  from  C.18- 
2.39  mm.  Nikon  has  also  a  new  col¬ 
or-free  60  x  planapochromat  oil  im¬ 
mersion  objective  with  a  numerical 
aperture  of  1.40,  which  is  ideal  for 
epifluorescence  work,  as  are  their  im¬ 
proved  phase-contrast  objectives. 
Zeiss  now  makes  so-caiied  pian-neo- 
tluar  multi-immersion  objectives  of 
16,  25,  and  40  x  that  may  be  used 
with  water,  immersion  oil,  glycerine, 
paraffin  oil,  and  silicone  oils.  Some 
objectives  are  corrected  for  infinite 


tube  length  and  give  excellent  image 
quality,  especially  with  automatic  fo¬ 
cusing  devices. 

Whereas  eyepieces  in  earlier  micro¬ 
scopes  contained  two  lenses,  some 
modern  oculars  contain  four  or  five; 
magnifications  range  from  2-25  x ; 
field-of-view  numbers  (field  of  view 
in  millimeters  multiplied  by  ocular 
magnification)  from  6.3-26.5  x.  Also 
available  are  htgh-point  oculars  de¬ 
signed  specifically  for  people  who 
wear  glasses  and  multiviewing  attach¬ 
ments  that  can  accommodate  up  to 
ten  observers.  But  because  most  ocu¬ 
lars  and  objectives  are  matched  to 
give  the  best  optical  performance,  it  is 
unwise  to  mix  oculars  and  objectives 


light 


voltage  control.  It  is  important  at  all 
timet,  to  maintain  even  (  Koehler)  illu¬ 
mination;  on  some  microscopes,  this 
o  done  automatically  following  a 
change  m  ohicettve  magnification. 

Photography.  Automatic  camera  sys¬ 
tems  under  microcomputer  control 
are  now  the  rule.  Exposure  can  be 
measured  either  integrally  over  the 
entire  picture  field  or,  with  a  movable 
spot,  from  any  desired  obiect  detail. 
Camera  format..  vary  in  size  from  35- 
millimcter  roll  film  to  lj  •<  10-inch 
sheets,  and  shutter  speeds  range  from 
ah.  ut  1  100  second  to  more  than  an 
hour.  Electronic  control  ensures  ease 
of  use  and  reliable  results.  Nikon  has 
a  microscope  adapter  with  a  double 
camera  so  that  black-and-white  and 
color  pictures  of  the  same  area  can  tse 
taken  one  after  the  other. 

Modem  microscopes  tend  to  be 
cubic  or  angular  in  structure  and 
modular,  offering  increased  stability 
and  strength.  These  microscopes  pre¬ 
sent  a  wide  choice  of  techniques:  the 
usual  bright-field,  dark-field,  and 
phaxr-contras;  as  well  as  differential 
interference  contrast,  fluorescence, 
polarized  light,  reflected  light,  micro- 
to  macrocapabilitics,  and  various 
rr.-ans  of  image  protection  and  TV 
image  analysis.  Photography  is  auto¬ 
matically  controlled,  and  many  com¬ 
ponents  formerly  adjusted  by  hand 


Figure  3.  Optical  components  and  approximate  light  path  of  a  standard  binocular 
microscope  (OLYMPUS,  BH  Series). 

from  different  manufacturers  on  the  dry,  used  at  lower  magnifications, 
same  microscope.  They  are  constructed  so  that  no  direct 

light  enters  the  objective,  and  hence 
Condensers.  The  purpose  of  a  sub-  only  the  specimen's  own  luminosity 


are  now  motorized  and  automai  .1, 
including  objectives  and  condensers, 
coarse  and  fine  focusing,  and  auto¬ 
matic  focus  tor  low  magnificat!-  is. 
Examples  of  advanced  microscopes 
include  Olympus's  Vanox-T  figure 
2d;  Smith  1984),  Nikon's  Microphot  - 
FX  with  twin-mounted  35-millimeter 


stage  condenser  is  to  deliver  as  much 
illumination  as  possible  to  the  speci¬ 
men  and  ultimately  to  the  front  lens 
of  the  objective.  Highly  corrected  ob¬ 
jectives  require  highly  corrected  con¬ 
densers.  Some  condensers  have  either 


appears  on  the  dark  background. 
Many  small  objects  (e.g.,  bacterial 
flagella)  not  observable  by  transmit¬ 
ted  light,  can  be  detected  this  way. 
Dark-field  illumination  requires  a 
high-intensity  light  source,  such  as  a 


cameras  (Smith  1985a),  and  Rei¬ 
chert’s  Polvvar  microscope  iSmith 
1985b).  The  tandem  scanning  reflect¬ 
ed  light  microscope  (Petran  et  al. 
1985)  >s  designed  to  overcome  the 
problems  associated  with  observing 


a  swing-out  or  removable  front  lens 
to  reduce  the  numerical  aperture  of 
the  condenser  for  low-power  objec¬ 
tives;  substage  condensers  may  con- 


12-volt.  100-watt  quartz  halogen 
lamp.  Dark-field  illumination  is  also 
useful  in  stereomicroscopy. 


living  tissue  by  reflected  light.  Further 
advances  in  light  microscope  design 
will  come  largely  rhrough  automa¬ 
tion.  At  the  same  rime,  laser-beam 


tain  an  appropriate  range  of  annular  Light  sources.  Twelve-volt  quartz  microscopy,  video  image  enhance- 
nngs  for  Zernike  phase-contrast  and  halogen  lamps  are  preferred  for  light  menc,  and  acoustic  microscopy  will 
wollaston  prisms  for  Nomarski  dif-  microscopy  because  they  can.be  stabi-  receive  increasing  attention. 


ferentiai  interference  contrast  effects,  lized  at  3200K  color  temperature  for 

Dark-Held  condensers  can  be  oil  good  photographic  color  rcproduc-  Comnuter  annlications 
immersion  in  which  the  correspond-  non.  L  ight  intensity  can  be  controlled  "  PP 


ing  oil  immersion  objective  contains  by  placing  neutral-density  hlccrs  in  Video  cameras  and  computers  cou- 
an  ins  diaphragm  to  reduce  glare)  or  the  light  path  instead  of  changing  the  pled  to  a  microscope  have  been  used 
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Figure  4.a.  Single  aperture  (top  left)  shows 
uniform  diffraction  fringes  (Airy  disc). 
Two  apertures  (top  right)  are  shown  too 
close  together  to  permit  detection  as  dis¬ 
tinct  entities.  (Planapochromat  1.25  NA. 
9000 x.)  b.  Aberrations  in  medium-  and 
high-power  objectives  (40— 100  x)  can  be 
detected  by  a  star  slide  preparation.  Star 
slides  are  made  by  depositing  0.25-micron 
diameter  polystyrene  spheres  on  a  cover 
glass,  coating  the  glass  with  evaporated 
aluminum,  and  then  removing  the  spheres 
with  a  solvent.  Removing  the  spheres 
leaves  discrete  areas,  which  act  as  small 
apertures  for  light  to  pass  through,  devoid 
of  aluminum.  Viewed  through  a  high- 
quality  objective  whose  performance  is 
limited  only  by  diffraction,  each  aperture 
will  be  surrounded  by  circular  diffraction 
rings  (as  in  a.)  Viewed  through  lower- 
quality  objectives,  the  diffracnon  rings  are 
often  distorted  into  a  comet  shape  and 
may  be  marred  by  colored  fringes. 


in  a  variety  of  applications,  including 
the  analysis  of  cell  locomotion  (Bar¬ 
tels  et  al.  1981,  Berns  and  Bems 
1982),  automated  analysis  of  clinical 
blood  specimens  (Bradbury  1983), 
and  measurement  of  fluorescent  in¬ 
tensity  in  specially  labeled  biological 
material  (Arndt-Jovin  et  al.  1985). 
The  use  of  computer  techniques  can 
also  help  correct  degradation  in  a 
microscope  image  or  otherwise 
change  the  image  to  make  it  more 
useful  to  the  observer.  The  applica¬ 
tions,  which  are  listed  in  Table  1, 
indicate  how  computer  technology 
makes  the  most  of  an  image,  trans¬ 
forming  the  microscope  from  a  device 
used  primarily  for  description  into  a 
truly  analytical  research  tool. 

Image-processing  equipment.  A  mi¬ 
croscope’s  normal  output,  an  optical 
image  that  is  either  viewed  directly  or 
captured  on  photographic  him,  is  un¬ 
suitable  for  a  computer,  which  can 
only  handle  discrete  numerical  intor- 
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Figure  5.  Cut-away  diagrams  of  an  achromat  and  a  planapochromat  objective.  The 
planapochromat  contains  twice  the  number  of  lenses  (Zeiss). 


mation.  An  optical  digitizer  (Figure  6) 
can  help  overcome  this  difficulty  by 
scanning  the  optical  image  and  then 
converting  it  into  an  array  of  coded 
values  called  the  digital  image.  Many 
devices  can  be  coupled  with  a  micro¬ 
scope  to  produce  digital  images,  in¬ 
cluding  scanning  photomultipliers, 
digitizing  tablets,  or  photodiode  ar¬ 
rays.  Although  each  one  of  these  de¬ 
vices  has  its  advantages  (Walter  and 
Berns  1986),  most  computer  micros¬ 
copy  relies  on  another  device,  called 
the  video  camera,  to  produce  an  elec¬ 


tronic  image  that  can  then  be 
digitized. 

The  greatest  advantage  of  video 
technology  in  computer  microscopy  i . 
the  speed  with  which  it  produces  im¬ 
ages,  typically  30  full  frames  per  sec 
ond  in  a  standard  format  camera.  The 
output  from  the  video  camera  is  di¬ 
rected  to  a  high-speed  video  digitizer 
that  converts  the  video  signal  into  ari 
array  of  individual  picture  elements 
(cal1  id  pixels)  that  are  stored  in  the 
memory  of  the  computer  as  quickly  a:, 
the  electronic  signal  can  be  produced 


able  1.  Uses  ot  computer  image  processing  in  microscopy. 


Application 

Description 

torphometrv 

Calculating  die  size  and  shape  of  obiects. 

ensitomerrv 

Calculating  density  as  a  measure  ot  concentration,  staining,  etc. 

lotion  analysis 

Describing  speed,  direction,  and  variability  in  the  motion  ot 
objects. 

ligh-speed  processing 

Real  time  processing  of  the  microscope  image  so  that  a  raw 
image  and  a  processed  image  of  the  specimen  can  be  viewed 
simultaneously. 

TUgc  enhancement 

Routines  used  to  increase  contrasr  in  an  image  or  otherwise 
improve  its  appearance,  e.g.,  pseudocolormg,  noise  reduction, 
shading  correction,  digital  Altering. 

mage  decalibration 

Manipulating  the  image  to  correct  for  distortion  in  the 
microscope  or  video  system,  e.g.,  correcting  geometric 
distortion,  nonlinear  camera  response,  and  out-of-focus 
images. 

vutonunon 

Repeated  performance  of  routine  tasks  such  as  particle 
counting  and  area  measurement. 

)easion  making 

Using  processing  routines  to  make  statistical  decisions  about 
the  microscope  image,  e.g.,  classifying  abnormal  blood 
smears. 

by  the  video  camera.  This  speed  is 
necessary  for  manv  video  microscope 
applications  where  computer  process¬ 
ing  must  be  performed  on  quickly 
moving  objects,  or  where  instanta¬ 
neous  (real  time)  processing  of  the 
microscope  image  is  required.  This 
speed  advantage  outweighs  the  poten¬ 
tial  disadvantages  of  a  video  camera, 
which  include  uneven  sensitivity,  geo¬ 
metric  distortion,  and  lag  (Castleman 
1979). 


A  potential  problem  in  computer 
processing  of  microscope  images  is 
the  digital  image  size  in  computer 
memory  and  the  processing  time 
needed  to  manipulate  it.  A  typical 
digital  image  might  consist  of  512 
rows  of  512  individual  pixels  each, 
where  each  pixel  represents  one  of 
256  possible  shades  of  gray  in  the 
original  optical  image.  Using  stan¬ 
dard  formats,  this  digital  image  must 
be  stoied  in  262,144  bytes  of  comput¬ 


er  memory  before  it  can  be  processed. 
The  size  of  this  digital  image  may 
exceed  ail  the  available  memory  in  a 
small  laboratory  computer,  especially 
if  several  images  must  be  stored  in 
computer  memory  simultaneously  for 
purposes  of  comparison.  Tins  memo¬ 
ry  requirement  may  also  limit  the 
speed  at  which  the  host  computer  can 
manipulate  such  a  digital  image.  A 
delay  of  even  a  few  seconds  may  be 
unacceptable  if  a  processed  image  is 
required  for  high-speed  or  real-time 
applications. 

These  limitations  3re  overcome  by 
use  of  special  ancillary  devices  known 
as  array  processors  (Figure  6).  These 
devices  have  separate  memories  for 
storing  one  or  more  digital  images  as 
well  as  special  microprocessors  for 
manipulating  the  digital  image  at  high 
speeds.  The  various  array  processors 
available  commercially  for  laboratory 
use  can  differ  by  a  number  of  proper¬ 
ties  such  as  the  number  and  size  of  the 
images  they  car.  store,  the  number  of 
different  manipulations  they  can  per¬ 
form  on  the  digital  image,  or  such 
features  as  image  zoom,  false  color 
displays,  and  joystick  controlled  cur¬ 
sors  (Walter  and  Bems  1986). 

Array  processors  can  greatly  reduce 
the  time  required  for  many  image 
processing  applications,  and  are  an 
absolute  requirement  for  high-speed 
applications.  However,  array  proces¬ 
sors  by  themselves  are  currently  not 
sophisticated  enough  to  perform 
many  of  the  more  complex  applica¬ 
tions  used  in  microscopy,  such  as  the 
detection  and  characterization  of  a 
tissue  culture  cell,  without  some  addi¬ 
tional  processing  being  performed  on 
the  digital  image  by  a  host  computer. 
In  such  applications,  small  sections  of 
the  digital  image  must  be  transferred 
from  the  array  processor  ro  the  mem¬ 
ory  of  the  host  computer  for  subse¬ 
quent  processing  using  specifically  de¬ 
signed  algorithms.  This  additional 
processing  is  often  the  time-limiting 
step  in  image  processing  applications. 
Furthermore,  the  algorithms  used  to 
process  digital  images  are  often 
unique  for  a  given  application  and 
must  be  custom-designed  in  the  labo¬ 
ratory.  Few  image  processing  devices 
jre  now  available  commercially  rhat 
can  be  used  for  research  applications 
without  additional  in-house  program¬ 
ming.  As  the  use  or  computers  m 
microscopy  continues  to  grow,  it  is 


Figure  6.  Block  Jiugram  ot  j  microscope  Jigir.il  image-processing  svstrm. 
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Figure  7.  Image  analysis,  a.  Original  video  image,  b.  Results  of  an  automated  analysis 
routine  used  to  characterize  red  blood  cells  from  a  peripheral  blood  smear. 


likely  that  this  situation  will  be 
coirected. 

Examples  of  computer  processing. 
Computer  manipulations  of  micro¬ 
scope  images  can  be  arbitrarily  divid¬ 
ed  into  two  classes;  image  analysis 
and  image  processing.  In  image  analy¬ 
sis,  the  purpose  of  the  computer  pro¬ 
cessing  is  to  obtain  descriptive  numer¬ 
ical  values,  for  example,  the  number 
of  cells  in  a  microscope  field  or  the 
average  density  of  a  stained  nucleus. 
These  quantities  are  fairly  easy  to 
obtain  from  the  digital  image  (Pavli- 
dis  1982),  and  are  limited  only  by  the 
speed  of  the  computer  processor  and 
the  ability  of  the  video  camera  to 
accurately  reproduce  the  size  and 
density  of  the  actual  object.  Figure  7 
shows  an  example  of  this  type  of 
processing,  and  other  examples  are 
given  in  recent  reviews  (Arndt-Jovin 
ct  al.  1985,  Bradbury  1983,  Sklansky 
et  al.  1987). 

A  problem  frequently  encountered 
in  image  analysis  is  the  computer’s 
inability  to  discriminate  among  re¬ 
gions  that  are  known  to  be  different 
by  the  computer  operator.  Typical 
examples  are  the  ability  to  trace  a  cell 
boundary  in  a  phase-contrast  image 
or  to  accurately  recognize  all  cell  nu¬ 
clei  in  a  stained  section.  These  prob¬ 
lems  can  often  only  be  overcome  by 
having  the  computer  work  interacti¬ 
vely  with  a  computer  operator  who 
uses  a  lightpen  or  joystick  device  to 
discriminate  ambiguous  regions  that 
cannot  be  recognized  by  the  computer 
alone. 

Alternatively,  some  success  has 
been  achieved  either  through  the  use 


of  custom-designed  algorithms 
(Sklansky  1978)  or  by  carefully  con¬ 
trolling  the  preparation  of  the  sample 
and/or  the  image  acquisition  proce¬ 
dures  in  such  a  way  that  ambiguous 
objects  are  less  likely  to  appear.  Even 
when  these  extra  procedures  are  used, 
the  time  saving  between  computer¬ 
ized  analysis  and  strictly  manual  tech¬ 
niques  is  great  enough  to  justify  the 
additional  effort. 

The  second  type  of  computer  ma¬ 
nipulation  of  microscope  images  is 
called  image  processing,  which  makes 
the  image  more  meaningful  to  the 
observer.  Examples  of  image  process¬ 
ing  applications  are  image  subtrac¬ 
tion  procedures  to  remove  unwanted 
background  or  false  coloring  routines 
to  increase  the  apparent  contrast  of  a 
monochrome  image.  Examples  of  im¬ 
age  processing  routines  are  given  in 
Figure  8. 

Noteworthy  image  processing  rou¬ 
tines  correct  for  various  sources  of 


distortion  in  a  microscope  image, 
such  as  “barrel”  or  “pincushion”  dis¬ 
tortion.  Once  corrected,  the  displayed 
image  represents  the  true  shape  of  the 
microscope  specimen.  Various  digital 
filtering  routines  can  be  used  to  im¬ 
prove  the  sharpness  of  an  image,  as 
shown  in  Figure  8,  or  can  be  used  to 
correct  for  other  sources  of  degrada¬ 
tion  in  an  image,  such  as  out-of-focus 
fluorescence  (Agard  and  Sedat  1983). 
It  is  important  to  note  that  these  types 
of  manipulations  would  be  difficult  or 
impossible  to  perform  without  the  use 
of  an  image  processing  computer. 

Laser  and  computer 
microscopy  in  biology 

Laser  microscopy  has  been  combined 
with  computer  image  processing  to 
study  fundamental  problems  in  cell 
biology  (Berns  et  al.  1981).  In  these 
studies,  a  laser  is  used  to  selectively 
alter  subcellular  processes  or  to  excite 
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Figure  8.  Image  enhancement,  a.  Original  video  image  of  two  polymorphonuclear  leukocytes  within  a  peripheral  blood  smear,  h 
Same  image  after  digital  filtering  with  a  sharpening  mask  to  accentuate  cell  boundaries,  c.  Original  image  after  digital  filtering  with 
horizontal  gradient  filter. 
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fluorescence  at  a  particular  subcellu- 
lar  site. 

Subcellular  microsurgery.  Berm  et  al. 
(1969)  used  an  argon  laser  in  con¬ 
junction  with  the  vital  dye,  acridine 
orange,  to  selectively  alter  submicron 
regions  of  dividing  vertebrate  cells  in 
culture.  They  passed  a  pulsed  green 
argon  laser  beam  through  a  standard 
phase-contrast  microscope,  which  fo¬ 
cused  the  beam  to  a  small  spot  on  a 
selected  chromosome.  Over  the  last 
15  years,  this  form  of  genetic  micro¬ 
surgery  has  been  extensively  devel¬ 
oped  to  study  specific  genes  in  nbo- 
somal  DNA  (Bems  et  al.  1979)  and  to 
remove  and  manipulate  whole  chro¬ 
mosomes  (Bems  1974).  In  addition  to 
genetic  applications,  the  laser  micro¬ 
beam  has  been  applied  to  other  cell 
organelles — the  nucleolus  (Bems  et  al. 
1970a),  mitochondria  (Bems  et  al. 
1970b),  ccntrioles  (Bems  et  al.  1977), 
chloroplasts  (McBride  et  al.  1974), 


myofibrils  (Strahs  et  al.  1978),  cell 
membrane  (Burt  et  al.  1979),  cyto¬ 
plasmic  fibers  and  filaments  (Scrahs 
and  Berns  1979),  and  kinetochores 
(McNeill  and  Berns  1981).  These 
studies  involved  analysis  of  the  struc¬ 
tural  and  functional  alterations  pro¬ 
duced  in  the  cell,  as  well  as  the  mech¬ 
anisms  of  laser  interaction  with  the 
natural  and/or  applied  light-absorb¬ 
ing  molecules  (Calmettes  and  Berns 
1983). 

The  instrumentation  available  for 
laser  microsurgery  has  expanded  to 
involve  a  wider  variety  of  lasers  and 
laser  wavelengths,  as  well  as  comput¬ 
er  imaging  technology.  The  current 
system  of  the  N1H  Biotechnology  La¬ 
ser  Resource  (LAMP)  is  comprised  of 
a  variety  of  ytrium  aluminum  garnet 
(YAG)  and  dye  lasers  that  can  be  used 
with  a  Zeiss  Axiomat  microscope  and 
an  image  array  processor  driven  by  an 
LSI  1 1/23  computer  (see  Figures  9 
and  12).  This  system  is  undergoing 


further  modification  to  include  a 
wavelength-tunable,  continuous  wave 
argon  laser,  a  pumped  dye  laser  sys¬ 
tem,  and  a  high  power  ultraviolet 
wavelength  Excimer  laser.  These  add¬ 
ed  technical  capabilities  will  permit 
the  application  of  subcellular  laser 
microsurgery  to  an  even  broader  set 
of  biological  problems. 

Computer  imaging  arose  out  of  the 
need  to  follow  a  large  number  of  cells 
for  days  after  laser  exposure.  This 
long  period  of  observation  was  neces¬ 
sary  to  analyze  altered  function  as 
well  as,  in  the  case  of  the  genetic 
deletion  experiments,  to  isolate  and 
clone  cells  and  their  descendants.  For 
these  experiments,  a  series  of  pattern 
recognition  and  tracking  programs 
was  developed  (Berns  and  Berns 
1982).  Now  a  computer  image  proc¬ 
essing  system  can  control  the  micro¬ 
scope  stage  so  that  as  a  cell  moves 
over  time,  it  is  continually  held  in  the 
center  of  the  optical  field.  This  capa- 
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Figure  9.  Diagram  of  laser  rnicrobeam  system.  The  three  basic  components  ot  the  svstem  are  the  lasers  (Quante!  YAG  aijo  and 
481/TDL  III),  the  microscope  (Zeiss  inverted  Axiomar  equipped  for  phase  contrast,  bright  field,  polarization,  and  dirterenrial 
interference  contrast),  and  the  television  computer  ^vsrrm  iDeAnza  5000  image  array  processor,  Sierra  L  T-l  television  cjinera.  and 
GYYR  DA  5300  MKIII  videotape  svstem).  An  LSI- 1 1  minicomputer  is  used  to  drive  the  image  array  pence-  or.  In  addition,  the  image 
processor-LS!  combination  is  connected  to  the  X-Y  digital  microscope  srage  in  order  to  provide  cell  tracking  capabilities. 
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biliry  facilitated  studies  on  the  mecha¬ 
nism  and  control  of  cell  movement 
(Koonce  et  al.  1984).  For  example, 
salamander  white  blcod  cells  main¬ 
tained  in  vitro  were  laser  irradiated  in 
their  centriolar  region,  which  was 
suspected  to  be  the  migration  control 
site.  The  resulting  migration  patterns 
(as  determined  by  computer  tracking) 
of  cells  that  had  been  moving  in  a 
straight  line  prior  to  irradiation,  be¬ 
came  haphazard  and  random.  The 
researchers  thus  concluded  that  the 
centriolar  region  does  indeed  have  a 
control  function  in  determining  the 
direction  of  cell  migration.  Both  the 
number  of  cells  analyzed  and  the  time 
period  that  the  individual  cells  were 
tracked  were  far  greater  than  what 
could  have  been  performed  by  non¬ 
computer  methods. 

Laser-stimulated  microfluorescence. 
Instead  of  being  used  to  destroy  a 
subcellular  region,  the  laser  can  be 
used  to  excite  fluorescence  at  desired 
subcellular  locations.  Early  studies 
were  centered  on  the  technique  called 
fluorescence  recovery  after  photo- 
bleaching  or  FRAP.  which  is  now 
widely  applied. to  study  the  mobility 
of  specific  molecules  in  the  plasma 
membrane.  Here,  the  laser  excites  flu¬ 
orescence  in  micron-diameter  spots 
on  the  surface  of  fluorescent-tagged 
cells.  The  power  is  momentarily  in¬ 
creased  about  1000-fold,  which 
causes  an  irreversible  photobleaching 
of  the  fluorescent  molecules  under  the 
focused  beam.  However,  over  a  peri¬ 
od  of  seconds  to  minutes,  fluores¬ 
cence  recovers  as  nonirradiated  fluo¬ 
rescent  molecules  diffuse  into  the 
previously  bleached  site.  By  careful 
quantitanon,  the  recovery  of  fluores¬ 
cence  can  be  related  to  the  mobility  of 
the  molecules  in  the  cell  membrane 
and,  therefore,  membrane  fluidity. 
Recent  addition  of  sophisticated  low- 
light  detection  systems  and  computer 
imaging  into  this  technique  should 
greatly  expand  its  applications  (Ka- 
pitza  et  al.  1985). 

The  application  of  laser-stimulated 
microfluorcscencc  has  extended  from 
use  at  tne  cell  surface  to  regions  with¬ 
in  the  cell.  Studies  are  being  conduct¬ 
ed  on  the  mitotic  apparatus  with  the 
goal  of  elucidating  the  kinetics  and 
distribution  of  fluorescently  tagged 
mobile  molecules  during  the  cell  divi¬ 
sion  process  (Salmon  et  al.  1984). 
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Other  studies  are  being  conducted  on 
individual  mitochondria  of  contract¬ 
ing  myocardial  cells  in  vitro  (Siemens 
et  al.  1982).  In  these  studies,  the  beam 
of  a  blue  helium  cadmium  laser  is 
focused  on  a  micron-diameter  spot  on 
individual  mitochondria  that  have 
been  tagged  with  the  fluorescent  mol¬ 
ecule,  rhodamine.  Oscillating  pat¬ 
terns  of  fluorescence  intensity  can  be 
monitored  over  time  within  single  mi¬ 
tochondria;  thus,  it  may  be  possible 
to  relate  the  respiratory  activity  of 
individual  mitochondria  to  specific 
cell  regions  and  overall  cell  activity. 
These  fluorescent  patterns  can  be  fur¬ 
ther  related  to  cell  fluorescence  by 
low-light  video  imaging,  enhanced 
and  analyzed  by  real-time  computer 
image  array  processing  (Bems  et  al. 
1984). 

Scanning  acoustic  microscopy 

Although  light  waves  have  been  used 
for  microscopy  for  centuries,  the  use 
of  sound  waves  is  just  over  a  decade 
old  (Quate  1979).  Imaging  with 
sound  may  not  at  first  seem  compara¬ 
ble  with  light;  sound  waves  involve 
vibrational  motion  of  matter,  where¬ 
as  light  involves  electric  and  it  ignetic 
field  fluctuations.  Yet  sound  and  light 
waves  can  each  be  focused  with  an 
appropriate  lens  and  used  for  imaging 
with  similar  resolution. 

The  acoustic  microscope  uses 
sound  waves  focused  in  a  liquid,  usu¬ 
ally  water  or  superfluid  helium.  The 
sound  waves  are  typically  high  fre¬ 
quency,  between  0.1  and  10  gigahertz 
(1  GHz  =  109  cycles/sec).  These  are 
typical  microwave-radar  frequencies, 
so  we  can  use  available  microwave 
technology  for  acoustic  microscopy. 

The  wavelength  of  the  radiation 
used  by  a  microscope  is  a  major  fac¬ 
tor  in  determining  resolution.  Al¬ 
though  the  frequencies  used  in  acous¬ 
tic  microscopy  are  much  lower  than 
in  optical  microscopy,  the  acoustic 
wavelengths  turn  out  to  be  in  the 
optical  range  because  sound  is  much 
slower  than  light,  and  the  wavelength 
equals  the  speed  divided  by  the  fre¬ 
quency.  For  example,  the  sound 
wavelength  in  water  at  3  GHz  is  the 
same  as  the  wavelength  of  (550  nmi 
green  light.  In  helium  at  8  GHz,  rhe 
sound  wavelength  is  only  30  nm, 
which  is  in  the  soft  x-ray  part  of  the 
electromagnetic  spectrum. 


Principles  of  the  acoustic  microscope. 
To  image  with  sound  waves,  one  must 
be  able  to  generate  sound,  focus  it 
onto  the  sample,  and  receive  the  echo. 
While  work  on  generating  sound 
waves  is  still  progressing,  we  rely 
principally  on  a  very  old  concept — 
piezoelectricity.  Piezoelectric  material 
either  expands  or  contracts  when  a 
voltage  is  applied.  Therefore,  an  oscil¬ 
lating  voltage  across  a  piezoelectric 
plate  forces  the  plate  to  vibrate  me¬ 
chanically.  If  this  plate,  now  a  trans¬ 
ducer,  is  pressed  against  a  bulk  mate¬ 
rial,  sound  waves  will  be  launched 
into  the  bulk.  In  the  same  manner,  if 
sound  waves  from  the  bulk  cross  into 
the  transducer,  an  oscillating  voltage 
will  result  in  response  to  the  squeez¬ 
ing  and  expanding  of  the  sound.  Thus 
a  piezoelectric  transducer,  coupled  to 
conventional  electronics,  can  both 
generate  and  receive  coherent  sound 
waves. 

Focusing  sound  waves  is  in  princi¬ 
ple  very  similar  to  focusing  light,  that 
is,  the  radiation  is  passed  through  a 
curved  interface  between  two  media 
and  refraction  causes  the  beam  to 
converge  to  a  small  spot.  A  typical 
acoustic  lens  configuration  is  shown 
in  Figure  10.  Electric  signals  are  ap¬ 
plied  to  the  transducer,  generating 
plane  sound  waves  that  propagate 
into  sapphire  (AUOj).  As  the  plane 
waves  pass  from  the  sapphire  lens 
into  the  liquid,  they  refract  inward 
because  the  speed  in  liquids  is  gener¬ 
ally  much  slower  than  in  solids.  This 
refraction  also  occurs  in  optics  be¬ 
cause  the  speed  of  light  is  less  in  glass 
than  in  air  or  vacuum.  However,  in 
optics,  the  refraction  is  not  very 
strong  because  the  speed  of  light  usu¬ 
ally  changes  by  less  than  a  factor  or 
two.  In  contrast,  the  ratio  of  sound 
speeds  between  sapphire  and  water  is 
greater  than  7  and  between  sapphire 
and  superfluid  helium  is  47. 

This  speed  difference  between  sol¬ 
ids  and  liquids  has  important  conse¬ 
quences  for  acoustic  microscopy.  As 
the  sound  refracts  into  the  slow  liq¬ 
uid,  the  waves  propagate  almost  per¬ 
pendicular  to  the  curved  surface. 
Thus,  a  spherical  interface  will  pro¬ 
duce  a  very  nearly  spherical  converg¬ 
ing  wave  and  a  diffraction-limited  fo¬ 
cus.  The  strong  refraction  of  sound 
into  the  liquid  eliminates  the  spherical 
aberration  of  optical  lenses,  where  a 
single  convex  spherical  lens  does  not 
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Figure  10.  Configuration  of  the  scanning  reflection  acoustic  microscope.  Microwave 
frequency  electrical  signals  are  applied  to  a  tine-oxide  piezoelectric  transducer, 
launching  plane  sound  'vaves  into  rhe  solid  (Al;Oj).  The  sound  refracts  into  the  liquid, 
focuses  on  the  sample,  and  the  echo  returns  to  the  transducer.  The  ;  ho  intensity  is 
recorded  as  a  function  of  the  lens  position  as  it  is  mechanically  scanned  across  rhe 
sample. 


give  a  good  focus  and  more  compli¬ 
cated  lens  shapes  and/or  multiple 
lenses  are  required. 

One  problem  with  the  large  change 
in  sound  speed  between  solids  and 
liquids  is  the  corresponding  large  re¬ 
flection  of  sound  at  the  interface.  This 
problem  can  be  solved,  as  tn  optics, 
by  using  quarter-wave-thick,  antire- 
flecrion  coatings.  We  are  currently 
coating  lenses  with  ?  single  layer  of 
carbon. 

Now  that  we  can  generate  high 
frequency  sound  waves  and  focus 
them  to  a  diffraction  limited  spot  on  a 
sample,  how  can  we  form  an  acoustic 
image?  The  answer  is  to  receive  the 
acoustic  signal,  the  echo,  from  the 
focus  while  mechanically  scanning 
the  lens  across  the  sample.  The  echo 
intensity  ts  recorded  for  every  lens 
posmon;  and  the  resulting  image  is 
displayed  on  a  cathode  ray  tube 
(CRT).  This  imaging  system  is  similar 
to  a  scanning  electron  microscope, 
although  the  scanning  is  done  me¬ 
chanically  instead  of  electronically. 

The  lateral  resolution  of  rhe  acous¬ 
tic  microscope  is  determined  by  the 
focal  spot  size,  and  is  approximately 


equal  to  the  lens  f-number  (focal 
length  divided  by  the  aperture  diame¬ 
ter)  multiplied  by  the  acoustic  wave¬ 
length  (A)  in  the  liquid.  Since  A  =-  c/f 
where  c  is  the  sound  speed  and  f  is  the 
frequency,  it  is  desirable  to  operate 
with  low  sound-speed  liquids  at  high 
frequencies  to  achieve  higher  resolu¬ 
tion.  But  high  frequency  operation  of 
the  microscope  is  limited  to  a  few 
gigahertz,  because  in  the  liquid  the 
acoustic  attenuation — which  in¬ 
creases  with  the  square  of  the  fre¬ 
quency — becomes  so  large  that  no 
echo  can  be  received. 

The  standard  liquid  used  for  acous¬ 
tic  microscopy  is  water.  A  typical 
resolving  power  is  1  m  although  a 
resolution  of  200  nm  has  been 
achieved  (Fadimioglu  and  Quare 
1983;.  Water  is  easy  to  handle,  readi¬ 
ly  available,  and  offers  reasonable 
acoustic  attenuation  compared  with 
other  liquids.  The  water  acoustic  mi¬ 
croscope  is  able  to  image  living  bio¬ 
logical  specimens  (Figure  11). 

There  is  one  liquid,  however,  that 
has  negligible  sound  attenuation  at 
microwave  frequencies:  superfluid 
helium  at  temperatures  less  than  0.2 


K.  Moreover,  the  sound  speed  in  heli¬ 
um  is  quite  low,  so  that  x-ray  wave¬ 
length  sound  is  available  at  reason¬ 
able  frequencies  (10-200  GHz).  A 
refrigerated  microscope  has  been 
built  using  helium  in  the  liquid  path. 
Its  present  operating  frequency  is  8.0 
GHz,  and  the  sound  wavelength  is  30 
nm.  The  lateral  resolution  is  20  nm, 
giving  the  superfluid  helium  acoustic 
microscope  a  much  higher  resolving 
power  than  other  acoustic  micro¬ 
scopes. 

Most  of  the  contrast  for  the  super¬ 
fluid  helium  acoustic  microscope 
comes  from  the  surface  topography, 
although  some  information  from  in¬ 
side  biological  cells  may  be  obtained. 
Because  the  microscope  uses  short, 
coherent  radiation,  it  is  sensitive  to 
slight  changes  in  height,  for  example, 
a  1 -nanometer  step  on  a  surface.  In 
addition,  because  of  the  wide-angle 
lens  used,  die  depth  of  focus  is  gener¬ 
ally  less  chan  100  nm.  Because  the 
bacteria  in  Figure  12  are  about  0.4  q. 
thick,  k  is  nor  possible  to  focus  on  all 
parts  of  the  cell  as  well  as  on  the 
substrate.  Figure  12a  is  actually  a 
composite  image  formed  by  combin¬ 
ing  the  images  from  three  different 
focal  positions.  The  image  can  be 
viewed  assigning  a  different  color  to 
each  plane  to  provide  a  three-dimen¬ 
sional  image. 

The  acoustic  microscope’s  future. 
The  scanning  acoustic  microscope  op¬ 
erating  with  water-immersed  material 
is  now  available  commercially  from 
several  sources  around  the  world,  no¬ 
tably  in  West  Germany  (Hoppe  and 
Bereicer-Hahn  1985),  England  (Smith 
et  al.  1985),  and  Japan.  These  instru¬ 
ments  are  finding  application  in  sci¬ 
ence  and  industry  in  areas  that  in¬ 
clude  subsurface  imaging,  imaging 
elastic  properties,  and  nondestructive 
imaging.  The  resolution  available  m 
these  instruments  is  slightly  better 
than  1  (l,  and  the  cost  is  comparable 
with  that  of  a  scanning  electron  mi¬ 
croscope.  As  the  commercial  products 
become  common,  there  should  be  a 
large  increase  in  the  understanding  of 
contrast  mechanisms  and  use  of  the 
micro?  .ope  for  detailed  quantitative 
.neasutements.  Because  of  rhe  sound 
jrtenuanon  in  water,  however,  the 
resoluouc  of  the  water  microscope 
will  ne»er  be  much  better  man  2m) 
nm. 
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Figure  1 1.  Living  chicken  heart  fibroblast 
imaged  by  a  water  acoustic  microscope. 
The  pair  of  cells  was  viewed  continuously 
for  2  hr,  during  which  the  ceils  appeared 
to  exhibit  normal  mobility  patterns.  Intra¬ 
cellular  organelles,  such  as  nuclei,  mito¬ 
chondria,  and  lipid  or  lysosomal  bodies, 
are  visible  (Hildebrand  et  at.  1981).  The 
images  were  taken  27  and  69  min  apart. 
The  acoustic  microscope  was  operated  at 
a  frequency  of  1.7  GHz,  giving  an  acous¬ 
tic  wavelength  in  water  of  0.9  p.  and  a 
resolution  of  0.72  p  using  an  f/0.75  lens. 
The  water  was  heated  to  37*  C  to  lessen 
the  acoustic  attenuation  in  the  liquid  path, 
and  no  apparent  damage  was  seen  during 
the  two-hour  imaging.  Image  (b)  is  shown 
at  twice  the  magnification  of  (a)  and  (c). 
The  scale  bar  is  20  p. 


With  the  superfluid  helium  acoustic 
microscope,  sound  attenuation  is  not 
a  problem  and  lateral  resolution  of  20 
nm  has  already  been  demonstrated. 
Perhaps  more  importantly,  there  ap¬ 
pear  to  be  no  physical  limits  to  in¬ 
creasing  the  frequency  and  bringing 
rh*.  resolution  down  to  near  atomic 
distances,  1-2  nm  (Foster  1984). 
Co;.' Sitting  this  resolution  with 
accustx  contrast  mechanisms  and  the 
low  damage  of  the  acoustic  beam 
should  result  in  a  formidable  micros¬ 
copy  tool,  ■particularly  for  biology. 

The  design,  efficiency,  and  wide 
applicability  of  present  day  optical 
and  acoustic  microscopes  are  prod¬ 
ucts  of  the  significant  advances  in 
glass,  computer,  laser  beam,  and 
acoustic  technologies. 
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ABSTRACT  The  selective  alteration  cf  the  cellular  genome 
by  laser  mtet  obeam  irradiation  has  been  extern'  dy  applied  in 
cell  biology.  We  report  here  the  use  of  the  thir  l  harmonic  (355 
mn)  of  an  yttrium-  aluminum  garnet  laser  to  facilitate  the  direct 
transfer  of  the  neo  gene  into  cultured  human  HTIOKWTG 
cells.  The  resultant  transformants  were  selected  in  medium 
rnsfiniwg  u  aminoglycoside  antibiotic,  G418.  Integration  of 
the  neo  gene  into  individual  humaa  chromosomes  and  expres¬ 
sion  of  the  gene  were  demonstrated  by  Southern  blot  analyses, 
microceU-mediatcd  chromosome  transfer,  and  chromosome 
analyses.  The  stability  of  the  integrated  neo  *ene  in  the 
transformants  was  shown  by  a  comparative  growth  assay  in 
selective  and  nonselective  media.  Transformation  and  incor¬ 
poration  of  the  neo  gene  into  the  host  genome  occurred  at  a 
frequency  of  8  x  l0~*-3  x  10~J.  This  method  appears  to  be 
100-fotd  more  efficient  than  the  standard  calcium  phosphate- 
mediated  method  of  DNA  transfer. 


The  introduction  of  exogenous  genes  into  the  ceils  of  multi¬ 
cellular  organisms  using  different  techniques  has  proven  to  be 
a  powerful  approach  for  the  study  of  gene  regulation  and 
function  in  bacteria,  fungi,  animal,  and  plant  cells.  Any 
efficient  method  for  direct  gene  transfer  could  be  of  consid¬ 
erable  value  in  continued  progress  in  genetic  engineering. 
The  frequently  used  methods  for  direct  gene  transfer  involve 
either  chemical  methods  such  as  uptake  of  calcium  phos¬ 
phate-precipitated  DNA  enhanced  by  treatment  with  glycer¬ 
ol,  dimethyl  sulfoxide,  or  polyethylene  glycol  (1-3)  or  the 
manual  microinjection  of  DNA  into  individual  cells  (4-6). 
DNA  sequences  introduced  by  these  transformation  proce¬ 
dures  can  become  associated  with  high  molecular  weight 
DNA  (7)  and  integrate  into  host  chromosomes  by  unknown 
mechanisms.  However,  these  techniques  have  their  limita¬ 
tions.  Although  the  chemical  method  is  simple  and  can  be 
performed  easily,  transformation  frequencies  are  low  (most 
protocols  yield  1-5  transformants  per  1CK— 107  cells),  and 
toxicity  of  the  chemicals  may  result  in  cell  damage.  Further¬ 
more,  some  cell  lines  are  not  transformed  by  chemical 
methods.  The  manual  microinjection  method  yields  higher 
transformation  frequencies  (1-3  in  103  cells)  but  is  a  very 
tedious  technique  requiring  considerable  skill  on  the  part  of 
the  person  performing  the  procedure.  The  microinjection 
method  Lcs  worked  very  poorly  in  isolated  protoplasts  for 
plant  transformation  <8,  9).  These  problems  might  be  solved 
by  a  new  method  for  cell  transformation. 

Over  the  past  15  yean  the  laser  has  steadily  developed  as 
a  method  to  perform  selective  subcellular  microsurgery. 
Numerous  cell  structures  such  as  individual  chromosomes, 
mitotic  organelles,  mitochondria,  and  the  cell  membrane 
have  been  selectively  altered  by  using  a  variety  of  lasers. 
These  alterations  can  be  in  a  specific  class  of  molecules 


The  publication  costs  of  (hts  article  were  defrayed  in  part  by  page  charge 
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confined  to  an  area  of  less  than  a  micrometer  in  diameter 
(10-14).  In  addition,  interfacing  a  laser  system  with  a  micro¬ 
scope  and  an  image  army  processing  computer  permits  the 
exposure  of  single  cells  or  individual  organelles  within  single 
cells  to  a  variety  of  wavelengths  at  various  power  densities. 
These  laser  microscope  systems  can  be  used  to  perform 
state-of-the-art  optical  and  photometric  examinations  of  the 
biological  sample.  It  has  been  suggestea  that  a  highly  focused 
laser  beam  could  be  used  as  an  “optical”  mictobeam  to 
produce  tiny  submicrometer  holes  in  the  cell  membrane  to 
facilitate  uptake  of  exogenous  DNA  into  cultured  mouse  cells 
(15,  16).  In  the  present  study  a  technique  of  direct  gene 
transfer  into  human  cells  is  described.  We  focused  a  355-nm 
beam  of  a  frequency-tripled  neodymium-yttrium-aluminum 
garnet  laser  onto  the  cell  membrane  of  human  ceils  in  culture 
medium  containing  pSV2-neo  plasmid  DNA.  Apparently 
DNA  entered  the  cell  prior  to  the  membrane  alteration 
reheaiing.  Transformants  were  selected  in  media  containing 
an  amino  glycoside  antibiotic,  G4I8  (Fig.  1).  Southern  blot 
analyses  demonstrate  the  physical  presence  of  the  neo  gene 
in  these  transformants.  The  integration  and  expression  of  the 
neo  gene  were  further  characterized  by  mrcrocell-mediated 
chromosome  transfer  and  chromosome  analyses.  The  stabil¬ 
ity  of  the  integrated  neo  gene  in  the  transformants  was  shown 
by  a  comparative  growth  assay  in  selective  and  nonselective 
media. 

MATERIALS  AND  METHODS 

Cell  Lines  and  Plasmid.  HT1080-6TG,  a  hypoxanthine 
phosphoribosy (transferase  (HPRT)-deficient  human  fibrosar¬ 
coma  (17,  18),  was  used  for  transformation.  HT1080-6TG 
cells  were  grown  in  minima!  essential  medium  (MEM)  sup¬ 
plemented  with  ncnessential  amino  acids  and  10%  fetal  cab 
serum.  A9,  a  HPRT-deficient  line  derived  from  mouse  L  cells 
(19),  was  used  as  the  recipient  for  microcell-mediated  chio- 
moxome  transfer.  Rodent  ceils  were  maintained  on  Dulbec- 
co's  modified  Eagle's  medium  (DMEM)  supplemented  with 
10%  fetal  calf  serum.  The  transformants  were  selected  and 
maintained  in  MEM  alpha  modification  (uMEM)  containing 
10%  fetal  calf  seruni  and  G418  at  the  concentrations  indicat¬ 
ed.  Microceil  hybrids  were  selected  and  maintained  in 
DMEM  supplemented  with  10%  fetal  calf  serum,  800  Mg  of 
G418  (GIBCO)  per  ml.  and  5  m M  ouabain  (Sigma). 

The  plasmid  vector  pSV2-neo  containing  the  neo  gene  for 
phosphotransferase.  APH  (3')1I  derived  from  transposon 
Tn5,  was  described  by  Southern  and  Berg  (20). 

Transformation  of  HT1080-6TG  Cells.  Laser  microsurgery 
in  cells.  Laser  microsurgery  was  conducted  on  cells  in  Rose 
chambers  using  the  third  harmonic  355-nm  wavelength  from 
a  short-pulsed  Quantel  model  YG  481a  neodymium-yt¬ 
trium-aluminum  garnet  iaser  (10).  Laser  pulse  duration  was 
10  nsec.  Laser  energy  was  controlled  by  a  KLC  model  K1174 


To  whom  reprints  should  be  addressed. 


Genetics:  Tao  el  at. 


Proc.  Natl.  Acad.  Sci.  USA  S4  l  ml)  4181 


d>  CD®>® 
®  ®  ®<D® 

f  Clone 

Successful  Tronsfecfion 


Fig.  1.  Schematic  representation  of  laser-mediated  gene  trans¬ 
fer.  The  cells  (-)  are  irradiated  with  the  focused  laser  beam  in  the 
presence  of  the  plasmid  ONA.  The  plasmid  DNA.  contained  in  the 
culture  medium,  is  thought  to  be  introduced  into  the  cells  through  a 
very  small  hole  momentarily  made  in  the  membrane  by  the  laser.  The 
transformants  ( ♦ )  are  then  selected  and  expanded  to  stable  cell  lines 
in  selective  medium. 

continuously  adjustable  optical  attenuator  (Karl  Lambrecht, 
Chicago)  placed  in  the  light  path.  Pulse  energies  were  in  the 
range  of  23-67  jJ.  All  of  the  laser  energy  measurements  were 
made  with  a  Scientech  no.  362  energy  power  meter  at  the 
level  of  the  rear  aperture  stop  of  an  inverted  Zeiss  Axiomat 
microscope.  The  laser  was  diverted  by  a  series  of  optical 
mirrors  and  a  dichrotc  filter  into  the  microscope  and  focused 
to  a  spot  of  about  2.0  nm  in  diameter  using  a  Zeiss  32 x 
Ultrafluar  objective.  The  laser  beam  was  carefully  focused 
onto  the  cell  membrane  of  individual  cells  using  the  method 
described  earlier  (10).  Single  pulses  were  obtained  by  an 
electron*';  shutter  synchronized  with  the  laser.  Imaging  the 
cells  and  targeting  the  laser  using  the  motorized  microscope 
stage,  video  camera,  TV  monitor,  and  computer  have  been 
described  (21).  With  this  configuration  of  equipment,  1000 
cells  could  easily  be  irradiated  per  hour. 

DNA  transfection  and  selection  of  transformants.  The 
cells  were  seeded  in  standard  Rose  culture  chambers  at  a 
density  of  1  x  105  per  chamber  36  hr  before  addition  of  the 
pSV2-neo  plasmid  DNA.  The  plasmid  DNA  was  first  steril¬ 
ized  and  precipitated  by  adding  sodium  acetate  to  0.3  M  and 
2  vol  of  ethanol.  The  DNA  was  resuspended  in  lx  TE  buffer 
(10  mM  Tris  HCl/1  mM  EDTA,  pH  7.5).  The  DNA  suspen¬ 
sion  was  added  to  MEM  growth  medium  to  give  a  final 
concentration  of  12  Mg/ ml.  which  was  injected  into  the  Rose 
chambers.  The  cells  were  incubated  at  37*C  for  1  hr  and  then 
subjected  to  laser  irradiation  as  described  above.  About  6  hr 
after  the  irradiation,  the  Rose  chamber  was  disassembled  in 
a  sterile  laminar  flow  hood.  The  coverelip  containing  the  cells 
was  washed  twice  with  MEM  growth  medium  and  transferred 
to  a  100  x  20  mm  Petri  dish  with  10  ml  of  MEM  growth 
medium.  After  incubation  at  37*C  for  24-36  hr.  the  cells  were 
trypsimzed  and  replated  into  two  100-mm  Petri  dishes 
Within  12-16  hr  the  medium  was  replaced  with  MEM 
containing  G418  at  a  concentration  of  800  Mi/ml-  The 
G4 1 8- supplemented  medium  was  changed  every  3-4  days. 
Independent  colonies  that  arose  were  trypsinized  in  cloning 
nngs  and  transferred  to  24-multiwell  plates  after  14-18  days. 
The  cells  were  then  grown  in  nonselective  medium  for  1  day. 
Once  established,  the  clones  were  subsequently  maintained 
in  MEM  containing  600  Mg  of  G418  per  mi. 

Genomic  Biot  Hybridization  Analysis  of  Transformants. 
High  molecular  weight  cellular  DNAs  were  extracted  and 
digested  with  individual  restriction  enzymes.  £coRl  or  Xha 
I.  The  digests  were  then  subjected  to  electrophoresis  in  a 
10%  agarose  gel.  and  DNA  fragments  in  the  gel  were 


transferred  to  nitrocellulose  filters  by  the  method  of  Southern 
(22).  After  prehybridization,  DNA  on  the  filters  was  hybrid¬ 
ized  with  3:P-labeled  pSV2-neo  DNA  at  65“C  overnight.  The 
labeling  was  done  using  the  oligo-labeling  method  according 
to  the  procedure  of  Feinbcrg  and  Vogelstein  (23,  24).  Filters 
were  washed,  air  dried,  and  autoradiographed  (ref.  25,  p. 
141). 

Microcell-Mediated  Chromosome  Transfer  and  Chromo¬ 
some  Analysis.  HT1080  neo  transformants  were  used  as 
microcell  donors.  The  microcells  were  prepared  and  intro¬ 
duced  to  recipient  A9ce!ls  as  described  (ref.  25.  pp.  140-146) 
except  that  the  concentration  of  coicemid  was  0.02  Mg/ml  and 
that  the  selection  medium  was  DMEM  with  800  Mg  of  G418 
per  ml  and  5  mM  ouabain. 

The  chromosome  constitutions  of  the  microceil  hybrids 
were  analyzed  by  using  the  alkaline  Giemsa  staining  method 
(26).  The  single  human  chromosome  in  the  mouse  back¬ 
ground  was  identified  by  this  technique.  At  least  12  meta¬ 
phase  spreads  were  analyzed  for  each  microcell  hybrid. 

Stability  Analvris  of  the  Transformants.  The  analyses  were 
performed  as  described  (27).  Briefly,  each  transformant  was 
switched  to  growth  in  nonselective  medium  for  at  least  42 
days.  Every  6  days,  1500  cells  were  plated  in  duplicate  25-cm3 
culture  flasks;  one  flask  contained  selective  medium  (600  Mg 
of  G418  per  ml)  and  the  other  contained  nonselective  medi¬ 
um.  After  11-12  days  the  resulting  colonies  were  stained  and 
counted.  Stability  was  calculated  as  the  ratio  of  colonies 
formed  in  selective  medium  versus  nonselective  medium. 

RESULTS 

Cell  Transformation  and  Selection  of  G418-Resistant  Cell 
Lines.  The  transformation  experiments  were  initiated  to 
determine  whether  the  transfer  of  DNA  contained  in  the 
culture  medium  into  human  cells  could  be  mediated  through 
self-healing  holes  in  the  cell  membranes  produced  oy  laser 
and  to  establish  the  efficiency  of  laser-mediated  DNA  trans¬ 
formation. 

The  experimental  system  chosen  for  these  studies  was  the 
transfer  of  the  neo  gene  into  human  fibrosarcoma  cells. 
HT1080-6TG.  HT1Q80-6TG  cells  were  cultured  in  Rose 
chambers  and  irradiated  in  the  presence  of  pSV2-neo  plasmid 
DNA  using  a  neodymium-yttrium-aluminum  garnet  laser  at 
355-nm  wavelength  as  described  in  Materials  and  Methods. 
The  colonies  were  detected  and  isolated  in  aMEM  containing 
800  Mg  of  G418  per  ml  after  14-18  days.  Fig.  2  shows  the 
morphologies  of  dead  cells  from  the  control  experiments  and 
of  three  representative  independent  colonies  from  the  trans¬ 
formation  experiments.  HT1080-6TG  cells  were  transformed 
to  G418  resistance  at  a  relatively  high  frequency  with  pSV2- 
neo  DNA  using  this  method  (on  average,  a  frequency  of  about 
1.6  transformants  in  103  treated  cells).  This  is  in  contrast  to 
the  lower  frequencies  of  G418-resistant  transformation  using 
the  calcium  phosphate  precipitation  technique  (about  2 
transformants  in  103  treated  cells).  The  transformation  fre¬ 
quencies  using  the  laser  method  are  in  the  range  of  0. 8-3.0  x 
10*'  based  on  a  number  of  separate  transformation  experi¬ 
ments  (Table  1).  Control  experiments  (nontreated  cells,  cells 
irradiated  without  DNA  or  treated  with  DNA  without  laser 
irradiation)  have  no*  yielded  G4l8-resistant  colonies  under 
these  conditions.  The  sensitivity  of  HT1080-6TG  cells  to 
G418  was  tested  by  plating  cells  at  low  celt  density  in 
multiwell  plates  in  aMEM  supplemented  with  vanous  con¬ 
centrations  of  G418.  We  found  that  100%  cell  killing  could  be 
achieved  at  concentrations  of  G418  as  low  as  400  Mg/ml 
(unpublished  data). 

Genomir  Analysis  «f  the  Transformants.  Molecular  analy¬ 
ses  for  the  presence  of  the  transforming  neo  gene  were 
carried  out  on  five  G418-resistant  colonies  as  well  as  on 
control  cells.  High  molecular  weight  DNA  from  each  trans- 
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Fig.  2.  Microscopic  photographs  of  noa trusted  and  transformed 
HT1090-6TG  ceils  growing  on  the  aMEM  containing  800  fig  of  G418 
per  ml.  (A)  Control  (nontreated  cells).  No  resistant  colonies  devel¬ 
oped  under  the  experimental  conditions.  (B  and  O  Two  independent 
G-418- resistant  colonies.  (D)  A  large  resistant  colony  after  15  days  on 
the  selective  medium.  (xlOO.) 
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formant  was  digested  with  EcoRI  or  Xba  I,  electrophoresed 
in  an  agarose  gei,  transferred  to  nitrocellulose  filters,  and 
probed  with  JJP-labeled  pSV2-neo  DNA  (Fie  3)  The  insults 
rrvealed  that  the  untreated  HT1080-6TG  cells  do  not  contain 
the  pSV2-neo  plasmid-related  sequences;  however,  cell 
DNA  obtained  from  G418-resistant  transformants  contained 
DNA  sequences  homologous  to  the  pSV2-neo  DNA.  More¬ 
over,  the  hybridization  patterns  of  DNA  isolated  from  indi¬ 
vidual  transformants  were  not  identical.  This  indicates  that 
each  independent  tnnsforniant  has  its  own  organization  of 
the  integrated  pSV2-neo  DNA  sequences  with  probable 
variation  in  the  locations  of  integration  and  gene  copy 
number  among  these  transformants.  Since  the  pSV2-neo 
plasmid  contains  a  single  EcoRI  restriction  site  and  no  Xba 
I  site,  each  integrated  plasmid  copy  should  produce  two 
hybridizing  fragments  when  digested  with  EcoRI  but  only  one 
hybridizing  fragment  when  digested  with  Xba  I  if  there  is  no 
rearrangement  of  the  plasmid  DNA  (20).  From  the  number  of 
hybridizing  fragments  on  the  autoradiogram,  we  infer  that 
transformants  1:C4  and  dS  each  contain  a  single  copy  of 
pSV2-neo  plasmid  DNA.  Transformants  3, 2,  and  7  appear  to 
contain  two  copies  of  pSV2-neo  plasm'd;  however,  the 
hybridization  pattern  of  DNA  obtained  from  transformant  3 
differs  from  that  expected,  which  may  be  due  to  modification 
of  the  input  pSV2-nee  DNA  during  transformation.  Expres- 


Table  1.  Transformation  of  HT1080  cells  with  pSV2-neo 
plasmid  DNA 


Cone  of 

pSV2-n«o  DNA, 
ag/ml 

Irradiated 
cells,  no. 

isolated  and  clonal 
G418-resistant 
colonies,  no. 

Transformation 

frequency 

0 

0 

0 

_ 

12 
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0 
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12 
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12 
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1 
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Transformation  frequency  is  expressed  as  the  fraction  of  cells 
iiradiated  in  the  presence  of  DNA  that  produces  viable  colonies  in 
selective  medium  that  have  been  isolated  and  expanded.  All  colonies 
were  further  characterized  by  Southern  blot  analyses  to  confirm  that 
they  were  truly  independent  clones. 


Fig.  3.  Southern  blot  analysis  of  laser-mediated  G418-resistant 
transformants.  High  molecular  weight  DNA  was  isolated  from 
nontreated  HT108O-6TG  cells  and  from  representative  G4l8-:esis- 
tant  ceil  lines  that  had  been  transformed  with  pSV2-neo  DNA  and 
digested  with  either  restriction  endonuclease  EcoRI  or  Xba  I.  After 
separation  on  a  \%  agarose  gel,  DNA  was  transferred  onto  a 
nitrocellulose  filter  and  hybridized  with  ”P-labeled  pSV2-r.eo  DNA. 
Lanes  a-g,  DNA  restricted  with  EcoRI;  lanes  1-7.  DNA  restricted 
wirh  Xba  l.  Lanes  a  and  1,  DNA  isolated  from  nontreated  HT1U80- 
6TG  cells  (negative  control);  lanes  b  and  2.  c  and  3.  d  and  4,  e  and 
5,  and  f  and  6,  DNA  isolated  from  transformants  1:C4.  dS.  3,  2.  and 
7,  respectively;  lanes  g  and  7,  DNA  isolated  from  cells  that  had  been 
shown  to  contain  multiple  integrated  pSV2-neo  DNA  sequences 
previously  (positive  control).  There  is  a  single  recognition  site  in 
pSVl-neo  DNA  for  EcoRI  desvjge  and  no  recognition  site  in 
pSV2-neo  DNA  for  Xba  I  cleavage.  The  numbers  beside  the 
arrowheads  refe  ’  to  the  molecular  sizes  of  DNA  in  ktlobzse  pairs,  and 
marker  molecular  sizes  were  derived  from  Hindlll  DNa  restriction 
fragments  in  an  adjacent  lane  on  the  gel. 


sion  of  the  neo  gene  in  pSV2-neo-transformed  cells  can  be 
inferred  from  the  fact  that  all  of  the  transformants  tested  are 
resistant  to  a  high  concentration  of  G418  (900  Mfi/ml). 

Microcell  Hybridization  and  Chromosome  Analysis.  Al¬ 
though  the  genomic  blot  hybridization  data  suggest  that 
exogenous  pSV2  neo  PNA  was  integrated  into  host  chromo¬ 
somes,  it  was  still  possible  that  the  exogenous  neo  DNA 
somehow  rearranged  and  replicated  independently  as  an 
extrachromosomai  unit  (7/.  To  confirm  that  the  exogenous 
pSV2  neo  DNA  in  the  transformants  was  actually  integrated 
into  chromosomes,  the  two  transformants  shown  to  contain 
a  single  copy  of  pSV2-neo  plasmid  DNA,  dS  and  1.C4.  were 
used  as  microcell  donors.  Microcells  were  prepared  as 
described  in  Materials  and  Methods  and  fused  to  mouse  A9 
cells.  MicroceU  hybrids  were  selected  on  DMEM  containing 
800  n g  of  G418  per  ml  and  5  /xM  ouabain,  and  ;««  coiunics 
were  isolated  and  expanded.  The  presence  of  human  chro¬ 
mosomes  in  these  hybrids  was  examined  by  using  the  alkaline 
Giemsa  differential  staining  technique:  the  human  chromo¬ 
somes  stain  blue,  whereas  mouse  chromosomes  stain  ma¬ 
genta  with  blue  centromcric  regions.  The  single  lighter- 
staining  human  chromosome  (Fig.  4,  arrow)  was  observed  in 


each  microcell  hybrid  derived  from  transformants  1:C4  (Fig. 
44)  and  dStFig.  4fl).  respectively.  A  computer  enhancement 
(Fig.  4  C  ana  D)  of  the  mitotic  spreads  facilitates  identifica¬ 
tion  of  the  human  chromosome.  These  results  demonstrate 
that  the  pSV2-neo  plasmid  DNA  has  indeed  integrated  into 
host  chromosomes.  From  these  data  alone,  we  cannot  de¬ 
termine  the  identities  of  the  human  chromosomes.  However, 
it  appears  that  the  human  chromosome  in  hybrid  dS/A9 
belongs  to  the  D  group,  whereas  the  human  chromosome  in 
hybrid  I.C4/A9  belongs  to  the  C  group,  judging  by  the 
chromosomal  morphologies. 

Stability  of  Transformants.  The  stability  of  the  transferred 
G418-res;stant  phenotype  was  analyzed  by  growing  each 
transformant  on  nonselcctive  medium  for  at  least  42  days  and 
then  plating  an  aliquot  of  each  cell  line  in  selective  medium 
and  nonselcctive  medium  at  various  times.  The  number  of 
colonies  arising  in  both  media  was  scored  and  the  ratios  were 
plotted  versus  the  time  in  nonselective  medium.  Most  of  the 
transformants  tested  were  found  to  be  stable,  showing  no  loss 
of  the  resistant  phenotype.  The  results  obtained  from  three 
representative  independent  transformants  were  shown  m 
Fig.  5. 

During  the  course  of  the  experiments,  we  found  that  the 
ratios  obtained  from  a  couple  of  transformants  did  vary  (data 
not  shown).  However,  after  being  grown  in  nonselective 
medium  for  42  days,  these  cells  when  replated  at  1/  12th  the 
cell  density  and  challenged  in  selective  medium  still  remained 
fully  resistant  to  a  high  concentration  of  G418  (900  *ig/ml). 
Thus,  these  transformants  also  appear  to  be  stable. 


DISCUSSION 

We  have  developed  an  efficient  method  to  transfer  plasmid 
DNA  in'o  human  fibrosarcoma  HT1080-ATG  cells  Our  data 
demonstrate  that  a  short  pulsed  laser  of  355  nm  can  be 
Incused  on  the  surface  of  cells,  thus  facilitating  the  uptake  of 
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Fin.  5  Slabililv  data  fur  Ga'.H-resisianl  transformants  when 
grown  m  nonselective  medium  The  number  of  colonies  formed  in 
uMEM  containing  G41S  versus  nonselective  medium  is  taken  as  a 
measure  of  the  fraction  of  cells  retaining  the  GaiM-resistant  pheno- 
GP«. 
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plasmid  DNA  from  the  medium.  The  transferred  neo  gene 
was  incorporated  into  host  chromosomes  and  expressed. 
Most  of  the  transformants  that  have  been  examined  appear  to 
contain  the  nonrearranged  introduced  neo  gene  and  have  a 
low  plasmid  copy  number,  generally  one  to  two  copies  per 
cell.  Transformant  3  is  exceptional  in  that  restrictions  with 
either  fc'coRl  or  Xba  l  produce  two  bands  and  the  sizes  of  the 
fragments  produced  by  digestion  with  Xba  l  are  substantially 
smaller  than  that  of  pSV2-neo  plasmid  (5.7  kilobase  pairs  in 
size).  Rearrangement  or  deletions  of  the  introduced  DNA 
molecules  may  explain  this  result.  The  majority  of  the 
transformants  is  shown  to  stably  maintain  the  transferred 
phenotype  for  at  least  42  days  without  selective  pressure. 
This  method  is  nearly  100-fold  more  efficient  than  the 
standard  calcium  phosphate  technique.  Even  though  the 
transformation  frequency  (0.8-3  x  10_i)  is  comparable  with 
that  of  microinjection,  the  laser  method  has  the  advantage  of 
simplicity  of  operation.  At  present,  the  gene  transfer  exper¬ 
iments  have  been  conducted  with  the  unsophisticated  laser 
system  described;  however,  this  by  no  means  impiies  that  this 
hardware  is  absolutely  necessary  for  transformation.  A  more 
simplistic  type  of  laser  interfaced  with  a  standard  microscope 
and  TV  system  will  be  expected  to  allow  one  to  perform  gene 
transfer  experiments  using  this  method.  Thus,  when  com¬ 
pared  to  the  microinjection  technique,  the  number  of  cells 
treated  in  a  given  time  by  an  "unskilled"  opeiator  will  be 
much  greater.  In  addition,  the  actual  transformation  frequen¬ 
cy  achieved  using  this  method  may  be  higher  than  3  x  10'3 
since  there  is  no  evidence  indicated  that  we  have  reached  the 
optimum  transformation  frequency.  Many  factors  need  to  be 
examined  that  could  affect  the  transformation  frequency, 
such  as  cell  viability  alter  laser  treatment  and  the  percentage 
of  successful  cell-surface  "rv-forations."  Furthermore,  it  is 
likely  that  laser  beam  inter.su;  and  wavelength  can  be  readily 
modulated  to  achieve  the  optimum  frequency  for  transfor¬ 
mation  and  to  accommodate  various  cell  types,  such  as  plant 
cells  whose  walls  cannot  be  easily  penetrated  by  the  micro¬ 
injection  capillary  pipette. 

Although  the  experiments  presented  here  have  been  car¬ 
ried  out  with  HT1080-6TG  cells,  theoretically  there  is  no 
reason  to  expect  that  tms  system  should  not  work  with  other 
given  cell  types,  animal  or  plant.  This  method  could  be  of 
considerable  value  in  genetic  engineering,  especially  in 
plants  Direct  gene  transfer  to  isolated  protoplasts  using  the 
calcium  phosphate  method  has  been  reported  to  be  a  suc¬ 
cessful  method  in  many  cases  (28-30);  however,  it  requires 
protoplasts,  and  the  regeneration  of  whole  plants  from 
isolated  protoplasts  is  still  a  severe  problem  for  many 
monocots.  Transformation  experiments  with  the  Ti  plasmid 
of  Agrnbactertum  tumrfaciens  (31-33)  are  restricted  to 
dicots  due  to  the  natural  host  range  of  A.  tumefaciens.  Taken 
together,  new  techniques  for  plant  transformation  are  abso¬ 
lutely  needed.  The  laser  method  might  be  a  candidate  since 
it  does  not  require  protoplasts  and  circumvents  the  problem 
of  host  range.  Furthermore,  it  might  be  possible  to  facilitate 
gene  transfer  directly  into  pollen.  Another  application  of  this 
method  might  be  its  use  in  transforming  cell  types  that  are  too 
fragile  or  sensitive  to  chemical  techniques,  such  as  the 
keratmoevtes.  These  cells  cannot  be  transformed  with  the 
calcium  phosphate  method  due  to  initiation  of  terminal 
differentiation  in  the  presence  of  calcium. 

The  mechanism  of  action  of  laser-mediated  DNA  transfer 
is  not  yet  completely  -r.de;  .toad:  the  suggested  cell-surface 
perforation  bv  the  laser  with  DNA  entrv  into  the  cell  followed 
by  rapid  self-sealing  of  the  hole  can  only  be  hypothesized  at 


this  time.  Determination  of  the  structural  and  physiological 
nature  of  this  interaction  requires  further  investigation. 
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ABSTRACT 

The  four  suia  fractions  of  bematoporphyriii  derivative  were  separated 
by  high-pressure  liquid  chromatography.  Each  fraction  was  studied  with 
respect  to  photosensitizing  capabilities,  fluorescence,  and  tumor  tissue 
uptake  in  mice  bearing  E.MT-6  tumors. 

Animals  received  i.p.  injections  of  10  mg/kg  of  each  fraction,  and  24  h 
later  tomors  either  were  treated  with  100  J/cm1  of  light  (630  am)  to 
evaluate  photosensitizing  capabilities,  or  the  aaimais  were  sacrificed  and 
Mason  removed  for  fluortsceace  and  fraction  uptake  determination. 

The  results  indicate  that  the  fraction  responsible  for  pbotoseasitizatioa 
has  the  highest  tumor  tissue  uptake  and  retention.  Furthermore,  this 
fraction  demonstrates  the  highest  overall  fluorescence  localization  in 
ornpimtir  tissue.  The  ether  poorly  photosensitizing  fractions  .nave  a 
lower  overall  fluorescence  im  vivo  due  to  their  poor  tumor  tissue  localiza¬ 
tion. 


INTRODUCTION 

Due  to  their  selective  retention  in  tumors  and  their  efficiency 
as  photosensitizers,  porphyrins  are  being  evaluated  by  numer¬ 
ous  groups  for  their  effectiveness  in  the  diagnosis  and  treatment 
of  cancer  (1-4).  Recent  work  with  HpD1  has  shown  great 
promise  in  treating  a  wide  variety  of  animal  and  human  tumors 
with  little  damage  to  the  adjacent  normal  tissues  and  host  This 
high  therapeutic  ratio  and  relative  lack  of  morbidity  of  HpD- 
PDT  have  made  this  form  of  therapy  very  attractive. 

HpD.  whose  tumor  localizing  properties  were  first  described 
by  Lipson  (5)  over  20  yr  ago.  is  defined  as  the  product  resulting 
from  the  alkaline  hydrolysis  of  a  mixture  of  hematoporphyrin 
acetates  (6).  After  the  i.v.  administratis;-  of  labeled  HpD.  there 
is  a  gradual  accumulation  of  radioactivity  in  tumor  tissue  (7). 
Although  the  mechanism  of  HpD's  preferential  retention  is 
uncertain,  it  is  known  that  soon  after  Injection  HpD  localizes 
in  most  normal  tissues.  What  is  clear  is  that  the  total  time  the 
HpD  is  being  retained  in  the  malignant  tissue  is  much  longer 
than  in  the  ncnmalignant  tissue  from  which  it  is  generally 
cleared  between  24  and  48  h  (8).  The  recent  development  of 
instrumentation  for  exploring  the  localization  of  porphyrins  in 
malignant  tissues  has  provided  the  incentive  for  continued 
research  into  porphyrin  photochemistry. 

Singlet  oxygen  ('O;),  the  metastable  excited  state  of  triplet 
molecular  oxygen,  has  been  identified  as  the  cytotoxic  agent 
that  is  probably  responsible  for  the  ph  .  ■  vdvnamic  destruction 
of  malignant  cells  exposed  to  light  oi  (he  appropriate  wave¬ 
length  and  intensity  (9).  This  short-lived  highly  reactive  mole¬ 
cule  subsequently  catalyzes  the  destruction  of  numerous  cellular 
loci  including  mitochondria  (10).  microsomes  (II).  lysosomes 
( 1 2).  and  transport  and  permeability  factors  associated  with  the 
cell  membrane  (13). 

Hpf)  is  a  complex  mixture  of  porphyrins,  and  it  is  not  always 
clear  which  of  the  components  are  responsible  lor  cellular 
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photosensitization  in  vitro  or  in  vivo.  Several  investigators  have 
attempted  to  determine  which  of  these  components  is  active 
with  respect  to  fluorescence,  photosensitization,  and  tumor 
localization  using  thin-layer  chromatography  (14).  high-pres¬ 
sure  liquid  chromatography  (15-19).  and  reverse-phase  chro¬ 
matography  (20).  Attempts  to  ascertain  which  of  the  porphyrins 
is  active  have  been  frustrated  by  difficulty  in  determining  the 
relative  purity  of  the  various  fractions.  Even  with  apparently 
pure  preparations  of  the  individual  HpD  components,  impuri¬ 
ties  have  often  complicated  the  interpretation  of  data. 

In  the  present  study,  we  have  studied  the  four  major  fractions 
of  HpD  with  respect  to  photosensitizing  ability,  fluorescence, 
and  porphyrin  localization  in  tumors  of  BALB/c  mice  bearing 
EMT-6  tumor.  These  comparisons  were  performed  in  order  to 
further  clarify  which  of  the  fractions  are  responsible  for  fluo¬ 
rescence  as  well  as  those  responsible  for  sensitization  and 
localization  in  vivo.  An  analysis  of  the  individual  chemical 
species  was  not  carried  out  because  they  were  too  numerous 
and  present  in  too  low  concentrations  to  make  such  analysis 
possible  with  our  equipment. 

MATERIALS  AND  METHODS 

lletBaloparpliyrin  Derivative.  Phocofrin  II  was  obtained  from  Pho- 
tofrin.  Inc..  Cheeklowaga.  NY.  as  an  aqueous  solution  at  a  concentra¬ 
tion  of  2.5  mg/ml  and  stored  in  the  dark  at  -70*C  until  used.  For  in 
vivo  experiments,  Phoiofrin  II  was  diluted  1:4  with  0.9%  NaCI  solution 
and  injected  i.p. 

HPLC.  Analytical  HPLC  studies  were  carried  out  with  a  Beckman 
324  gradient  liquid  chromatography  system  using  a  Beckman  Ultra- 
sphere  Octyl  C,  column  (5-«m  panicle  size.  4.6  x  150-mm  column 
dimension).  The  column  was  eluted  at  a  constant  flow  rate  of  2.5  ml/ 
min.  Photofrin  II  was  applied  directly  to  the  column  by  injecting  2  ml 
at  a  concentration  of  2.5  mg/ml  for  each  run.  The  porphyrins  were 
then  eluted  with  a  linear  gradient  application  of  30%  methanol:70% 
water.  30%  methanol:70%  isopropyl  alcohol  for  200  min.  The  column 
was  then  eluted  with  a  linear  gradient  application  of  30%  methanol:70% 
isopropyl  alcohol  and  100%  isopropyl  alcohol  for  an  additional  40  min. 
The  four  principle  fractions  were  oil  separated  on  the  column  within  4 
h.  The  fractions  were  collected  at  the  following  time  intervals:  Fraction 
I.  60  to  50  mm;  Fraction  II.  93  to  1 10  min;  Fraction  III.  125  to  210 
mm:  and  Fraction  IV.  210  to  240  min.  Each  band  was  collected,  and 
the  solvent  was  removed  with  a  rotary  evaporator  and  freeze  dried.  To 
determine  the  concentration,  each  fraction  was  dissolved  in  0. 1  n  NaOH 
for  I  h  at  room  temperature,  and  its  absorbance  was  measured  at  400 
nm  in  comparison  to  a  known  concentration  of  Photofrin  II.  After  the 
concentration  was  calculated,  proper  dilution  was  carried  out  with 
saline  to  obtain  a  final  concentration  of  2.5  mg/ml  used  for  in  vivo 
studies. 

Amoral  and  Tumor  System.  All  mice  were  14  to  16  wk  old  and 
weighed  between  30  and  35  g  at  the  time  of  treatment  The  following 
tumor  system  was  used:  a  EMT-6  (experimental  mammary  tumor) 
undifferentiated  sarcoma  obtained  from  the  Frederick  Cancer  Institute. 
Frederick.  MD,  arising  ip.  the  flank  of  a  BALB/c  mouse  (21).  Tumors 
were  harvested  fresh  from  mice  and  minced  us.n*  fine  sc;«sors  Trans¬ 
planted  tumors  were  initiated  intradermally  in  the  right  flank  of  each 
mouse  by  injecting  0. 1  ml  of  fresh  tumor  imxrulum  prepared  with  a 
concentration  of  5  x  10’  viable  tumor  cells/ml  suspended  in  RPMI 
(CISCO,  Grand  Island.  NY).  Cell  viability  was  assessed  by  the  ability 
to  resist  cell  lysis  and  exclude  trypan  blue  dye  (GIBCOI.  The  mouse 
tumors  were  generally  palpable  at  5  days  and  reached  a  size  of  5  to  7 


11)27 


Pmc.  Sat!.  Acad.  Sci.  USA  .84  11987 > 


ft 

41K  t  Genetics:  Tao  et  al. 

plasmid  DNA  from  the  medium.  The  transferred  neo  gene 
was  incorporated  into  host  chromosomes  and  expressed. 
Most  of  the  transformants  that  have  been  examined  appear  to 
contain  the  nonrearranged  introduced  neo  gene  and  have  a 
low  plasmid  copy  number,  generally  one  to  two  copies  per 
cell.  Transformant  3  is  exceptional  in  that  restrictions  with 
either  fc'coRI  or  Xba  I  produce  two  bands  and  the  sizes  of  the 
fragments  produced  by  digestion  with  Xba  1  are  substantially 
smaller  than  that  of  pSV2-neo  plasmid  (5.7  kilobase  pairs  in 
size).  Rearrangement  or  deletions  of  the  introduced  DNA 
molecules  may  explain  this  result.  The  majority  of  the 
transformants  is  shown  to  stably  maintain  the  transferred 
phenotype  for  at  least  42  days  without  selective  pressure. 
This  method  is  nearly  100-fold  more  efficient  than  the 
standard  calcium  phosphate  technique.  Even  though  the 
transformation  frequency  (0.8-3  *  10-3)  is  comparable  with 
that  of  microinjection.  the  laser  method  has  the  advantage  of 
simplicity  of  operation.  At  present,  the  gene  transfer  exper¬ 
iments  have  been  conducted  with  the  ultrasophisticated  laser 
system  described:  however,  this  by  no  means  implies  that  this 
hardware  is  absolutely  necessary  for  transformation.  A  more 
simplistic  type  of  laser  interfaced  with  a  standard  microscope 
and  TV  system  will  be  expected  to  allow  one  to  perform  gene 
transfer  experiments  using  this  method.  Thus,  when  com¬ 
pared  to  the  microinjection  technique,  the  number  of  cells 
treated  in  a  given  time  by  an  "unskilled"  opetaior  will  be 
much  greater.  In  addition,  the  actual  transformation  frequen¬ 
cy  achieved  using  this  meihod  may  be  higher  than  3  x  10'* 
since  there  is  no  evidence  indicated  that  we  have  reached  the 
optimum  transformation  frequency.  Many  factors  need  to  be 
examined  that  could  affect  the  transformation  frequency, 
such  as  cell  viability  after  laser  treatment  and  the  percentage 
of  successful  cell-surface  "rx-forations.  "  Furthermore,  it  is 
likely  that  laser  beam  intersi.;  and  wavelength  can  be  readily 
modulated  to  achieve  the  optimum  frequency  for  transfor¬ 
mation  and  to  accommodate  various  cell  types,  such  as  plant 
cells  whose  walls  cannot  be  easily  penetrated  by  the  micro- 
injection  capillary  pipette. 

Although  the  experiments  presented  here  have  been  car¬ 
ried  out  with  HT108Q-6TG  cells,  theoretically  there  is  no 
reason  to  expect  that  trus  system  should  not  work  with  other 
given  cell  types,  animal  or  piant.  This  method  could  be  of 
considerable  value  in  genetic  engineering,  especially  in 
plants  Direct  gene  transfer  to  isolated  protoplasts  using  the 
calcium  phosphate  method  has  been  reported  to  be  a  suc¬ 
cessful  method  in  many  cases  (28-30):  however,  it  requires 
protoplasts,  and  the  regeneration  of  whole  plants  from 
isolated  protoplasts  is  still  a  severe  problem  for  many 
monocots.  Transformation  experiments  with  the  Ti  plasmid 
of  Agrobacterium  tumefaciens  (31-33)  are  restricted  to 
dicots  due  to  the  natural  host  range  of  A.  tumefaciens.  Taken 
together,  new  techniques  for  plant  transformation  are  abso¬ 
lutely  needed.  The  laser  method  might  be  a  candidate  since 
it  Joes  not  require  protoplasts  and  circumvents  the  problem 
of  host  range.  Furthermore,  it  might  be  possible  to  facilitate 
gene  transfer  directly  into  pollen.  Another  application  of  this 
method  might  be  us  use  in  transforming  cell  types  that  are  too 
fragile  or  sensitive  to  chemical  techniques,  such  as  the 
keratinoevtes.  These  cells  cannot  be  transformed  with  the 
calcium  phosphate  method  due  to  initiation  of  terminal 
differentiation  in  the  presence  of  calcium. 

The  mechanism  of  action  of  laser-mediated  DNA  transfer 
is  not  yet  completely  -r.de:  .teed:  the  suggested  cell-surface 
perforation  bv  the  laser  with  DNA  entrv  into  the  cell  followed 
by  rapid  self-sealing  of  the  hole  can  only  be  hypothesized  at 


this  time.  Determination  of  the  structural  and  physiological 
nature  of  this  interaction  requires  further  investigation. 
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of  10  mg/kg  of  each  fraction,  and  the  total  fluorescence  was 
measured  by  computer-enhanced  DVFM.  Relative  to  tumor¬ 
bearing  non-HpD  control  animals,  the  increase  in  total  tumor 
tissue  fluorescence  was  2.12  and  2.26  times  control  for  Frac¬ 
tions  1  and  II.  respectively.  Animals  that  received  Fractions  III 
and  IV  had  a  total  tumor  fluorescence  of  3.42  and  2.58  times 
control  (Table  1 ). 

Tumor  Localization  and  Uptake.  Animals  were  sacrificed  at 
24  h  postinjection  of  10  mg/kg  of  each  fraction,  and  the 
porphyrins  were  extracted,  expressed  in  terms  of  Mg  of  por¬ 
phyrin  per  g  of  tumor  (wet  weight),  and  compared  in  terms  of 
their  increase  over  control  non-HpD  tumors.  Control  animals 
had  an  average  of  1.02  Mg  of  porphyrin/g  of  tumor.  Animals 
that  received  Fractions  I  and  II  had  an  average  of  1.68  and  1.54 
Mg  of  porphyrin,  respectively,  or  1.65  and  1.51  times  control 
animals.  Animals  that  received  Fraction  111  and  Fraction  IV 
had  an  average  of  7.07  and  3.60  Mg  of  porphyrin,  respectively, 
or  6.93  and  3.51  times  control  animals  (Table  2). 


DISCUSSION 


Tabic  2  Tumor  tocaiizaium  amd  uptake  at  Iht  individual  f  ractions 
Uptake  of  At . 

porphyrin  porphyrin  Increase  from 
bot'g  («£.'■;  control 

Component  tumor}  tumor}  (times} 

Control  (non-ilpOl  10?  1.02  1.0 

to: 

0.48 

1.07 

0.99 


Fraction  I 


1.64  1.68  l.n? 

1.73 

1.92 

I.J5 

1.57 


Fraction  It 


Ut  1.54  1.51 

t.54 

154 

1.66 

1.62 


Fraction  III 


7.16  7.07  6.93 

6.93 

7.14 

7.07 

7.02 


Photofrin  II.  the  commercially  available  “enriched"  fraction 
of  HpD,  was  separated  into  four  main  fractions  by  HPLC.  Our 
HPLC  chromatographic  analysis  of  Photofrin  II  agrees  with 
the  previously  published  work  of  others  (24-27).  Furthermore, 
our  photosensitization  studies  document  that  the  fraction  re¬ 
sponsible  for  photochemistry  lies  in  the  broad  band  containing 
protoporphyrin  (Fraction  III)  also  in  agreement  with  the  work 
of  previous  investigators.  The  exact  chemical  structure  of  this 
photosensitizing  fraction  is  still  under  considerable  debate  at 
the  present  time.  Studies  by  Dougherty  et  al.  (28)  in  1983  with 
fast  atom  bombardment,  mass  spectrometry,  and  nuclear  mag¬ 
netic  resonance  spectra  led  to  the  conclusion  that  the  active 


Table  1  Total  tumor  Jluomcence  computer-enhanced  DVFM 


Component 

Mean  absolute 
fluorescence 
(pixels)* 

Av. 

Increase  from 
control 
(times) 

Control  (non-HpD) 

2367.  2459 
22SO.  2J13 
2357. 2347 
2325.  2345 
2347.  2401 

2354 

t.o 

Fraction  I 

5053.  5042 
4779.  5377 
4904.  4956 
4953.  501 1 
4953.  4932 

4996 

2.12 

Fraction  II 

5356.  5380 
5304.  5242 

531  1.  5368 
5255. 5256 
5347,  5300 

5312 

2.26 

Fraction  III 

8067.  8059 
8080.  3113 
8057.  8047 
8025.  8045 

8068.  8092 

8065 

3  42 

Fraction  IV 

6160.  6110 
6(04.  6042 
6053.  6050 
6068.  6068 
6063.  6050 

60  '6 

2.58 

4  The  ima*c  is  divided  into  small  regions  called  picture  elements  or  pixels  for 
short.  At  each  pixel  location,  the  image  brightness  is  sampled  and  quantized.  This 
step  generates  an  integer  v  alue  or  Gy  level  at  each  pixel  representing  the  bright  nev* 
or  darkness  of  the  image  at  that  point.  The  computer  divides  the  image  into  256 
different  <iy  levels  from  which  a  threshold  value  is  chosen.  Ml  brightness  above 
the  threshold  Civ  level  i>  counted  by  the  computer. 


Fraction  IV  J.64  3.60  3.51 

3.57 
3.33 
3.64 
3.74 


ingredient  was  most  likely  a  structural  isomer  of  DHE.  (vessel 
(29)  has  recently  reported  on  a  series  of  hydrolysis  experiments 
conducted  in  solvents  inhibiting  porphyr:  i  aggregation,  and  he 
found  the  hydrolysis  pattern  to  be  mos»  consistent  with  the 
presence  of  a  diporphyrin  ester  structure. 

Using  the  methodology  described  by  Kessel  (23).  we  found 
that  the  total  porphyrin  accumulation  by  EMT-6  tumors  24  h 
after  injection  of  Fraction  HI,  as  described  above,  to  be  on  the 
average  approximately  7.07  Mg  of  porphyrin  per  g  of  tumor 
tissue.  This  is  an  approximate  7-fold  increase  from  control 
animals.  This  would  seem  to  confirm  this  fraction  as  being  the 
major  tumor  localizing  fraction  of  HpD.  Our  study  shows  that 
the  relative  efficiencies  of  the  individual  fractions  in  sensitizing 
tumors  to  photoinactivation  follow  the  same  pattern  as  tumor 
uptake  and  retention,  it  is  important  to  optimize  localization 
as  well  as  sensitizing  effect,  and  it  therefore  appears  necessary 
that  these  two  quantities  should  be  studied  independently. 
Other  investigators  have  reported  that  the  uptake  of  the  HpD 
components  increased  with  decreasing  polarity  (13.  24).  The 
excellent  tumor  uptake  of  the  more  hydrophobic  Fraction  III 
shown  in  our  study  is  consistent  with  these  observations.  An¬ 
other  factor  which  has  been  shown  to  be  of  importance  for  the 
cellular  uptake  and  photosensitizing  properties  of  porphyrin  is 
their  tendency  to  dimerize  and  aggregate  in  aqueous  solutions. 
This  tendency  to  aggregate  has  also  been  shown  by  other 
investigators  to  increase  with  decreasing  polarity  ( 1 5.  30).  Thus 
we  conclude  that  the  photosensitizing  effect  of  HpD  is  primarily 
due  to  this  fraction. 

The  relative  fluorescence  yield  of  the  individual  fractions  is 
shown  in  Table  Data  shown  in  Table  I  indicate  that  Fraction 
III  results  in  the  greatest  overall  tumor  fluorescence  in  vivo 
(approximately  3.42  times  control  animats).  This  is  interesting 
in  light  of  the  fact  that  other  investigators  have  shown  the 
predominant  fluorescent  species  in  vitro  <  1 5)  to  correspond  with 
Hp  and  HVD.  Kessel  and  Cheng  (31)  examined  the  HpD 
fraction  containing  DHE  and  reported  that  this  material  had 
the  lowest  quantum  fluorescent  yield  of  ail  HpD  components 
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mm  41  10  10  14  ibis,  at  which  time  treatment  was  started.  At  this  size, 
the  small  tumor  v.as  homogeneously  white,  and  spontaneous  tumor 
necrosis  was  minimal  or  absent. 

Procedure  for  I'hmosensiti/aition  Studies.  When  tumors  were  of  the 
appropriate  si/e  (as  indicated  above),  the  animals  were  shaved  in  the 
tumor  area  and  given  i.p.  injections  of  the  individual  fractions  in  doses 
equal  to  10  mg/kg  of  body  weight.  The  remainder  of  the  experiment 
was  done  in  the  dark,  including  housing  of  the  animals.  Control  tumor- 
hearing  animals  were  those  that  received  light  without  porphyrin  and 
porphyrin  without  light.  Twenty-four  h  postinjection  of  material,  the 
experimental  animals  were  treated  with  the  laser  light  delivery  system 
(see  below).  The  mouse  was  anesthetized  with  ketamine  hydrochloride 
(Parke- Davis)  and  covered  with  a  metal  shield  with  a  circular  hole 
exposing  the  tumor.  Animals  were  sacrificed  24  h  after  photodynamic 
therapy  by  halothane  (Haiocarbon  Laboratories.  Inc.,  Hackensack.  NJ) 
anesthesia.  Tissue  was  excised  immediately  and  fixed  in  3%  glutaral- 
dehyde:Sr<  formalin  in  phosphate  buffer.  pH  7.4.  Samples  were  then 
dehydrated  in  graded  alcohols,  cleared  in  xylene,  and  embedded  in 
paraflin.  Six-urn  sections  were  cut.  stained  with  hematoxylin-.eosin. 
cleared  of  paraffin  in  xylene,  and  dried.  Sections  were  examined  with 
an  Axiomat  microscope  (Zeiss)  and  photographed  with  Panatomic  X 
film  (Eastman  Kodak). 

Laser  Light  Delivery  System.  Laser  irradiations  were  performed  with 
a  Coherent  (Palo  Alto.  CA)  Innova  20  argon  ion  laser  stimulating  a 
Coherent  PRT-95  dye  laser.  The  dye  laser  was  tuned  to  emit  radiation 
at  630  nm.  The  wavelength  was  verified  using  a  Jobin  Yvon  No.  5/354 
L'V  monochromator  (Longjuneau.  France).  The  radiation  was  then 
coupled  into  a  400-moi  fused  silica  fiber  optic  using  a  Spectra-Physics 
(Mountain  View.  CA)  Model  316  fiber  optic  coupler.  The  output  end 
of  the  fiber  was  terminated  with  a  micro  lens  that  focused  the  laser 
radiation  into  a  circular  field  of  uniform  light  intensity.  Laser  irradia¬ 
tion  emanating  from  the  fiber  was  monitored  with  a  Coherent  Model 
210  power  meter  before  and  after  treatment. 

Mice  were  placed  underneath  an  aperture  (hat  controlled  the  area  of 
light  illumination  on  the  tumor  site.  The  area  of  illumination  was  I 
cm1.  Total  light  dose  was  100  J/cm:  with  a  power  density  of  150 
milliwatts/cm:.  The  intensity  of  light  on  the  tumor  surface  was  calcu¬ 
lated  by  measuring  the  intensity  of  the  light  emitted  from  the  laser  and 
dividing  this  number  by  the  area  treated  in  cm1.  The  total  light  dose 
was  calculated  as  intensity  in  W/cm1  multiplied  by  the  treatment  time 
in  s  and  expressed  in  J/cm:. 

Fluorescence  Studies.  Animals  destined  for  fluorescence  studies  were 
sacrificed  24  h  postinjection  of  10  mg/kg  of  the  individual  fractions. 
Tumors  were  excised,  immediately  embedded  in  Tissue  Tek  U  (Miles 
Laboratories.  Inc..  Naperville.  ILL),  and  frozen  at  -70 "C.  Six-um 
sections  were  cut  on  a  cryostat,  placed  on  acid-cleaned  slides,  and  stored 
at  — 70*C  until  fluorescence  microscopy  was  performed. 

Fluorescence  Microscopy.  Frozen  histological  sections  of  tumor  were 
viewed  and  recorded  using  epi fluorescence.  Light  from  a  100-W  mer¬ 
cury  lamp  was  filtered  through  a  G  546  band  pass  (530  to  570  nm) 
exciter  filter  (Zeiss)  and  directed  to  the  tissue  by  a  chromatic  beam 
splitter.  The  fluorescence  was  filtered  through  a  LP-590  long  pass 
barrier  filter  and  then  directed  to  a  low  light  level  video  camera.  Venus 
Scientific  No.  TV2M  (Zeiss).  The  video  signal  was  recorded  on  video 
tape  by  a  GYYR  DAS-Mkll  video  tape  recorder. 

Image  Processing.  The  image  processing  system  used  to  analyze  the 
fluorescence  recorded  above  has  been  described  earlier  (22).  The  signal 
from  the  video  tape  recorder  in  playback  mode  was  fed  into  an  image 
array  processor  with  synchronization  between  the  two  units  provided 
by  a  time  base  corrector.  A  LSI- 1 1/23  minicomputer  was  used  to 
control  the  image  processor. 

The  video  signal  was  acquired  by  the  image  processor  under  control 
of  software  loaded  in  the  computer.  Thirty-two  frames  were  acquired 
from  each  video  scene  and  then  averaged  to  give  an  increase  in  the 
signahnoise  ratio.  This  acquired  image  was  used  by  the  computer  for 
measurement  of  the  average  Gy  ievel  (corresponding  to  fluorescence) 
within  a  zone  defined  by  a  cursor  on  the  image  display  monitor. 
Measurements  were  made  in  all  areas  of  the  tumor  tissue.  Generally, 
the  tumor  was  arbitrarily  divided  into  4  equal  areas,  and  within  each 
area  10  measurements  were  made.  The  average  of  the  40  measurements 


is  presented  in  the  tables.  Tumors  from  50  animals  were  examined:  10 
animals  received  each  of  the  individual  4  fractions,  and  10  animals 
were  used  as  controls. 

Localization  and  Uptake  Studies.  Animals  destined  for  localization 
and  uptake  studies  were  sacrificed  24  h  postinjection  of  10  mg/kg  of 
individual  fractions.  Tumors  were  excised  and  immediately  frozen  ji 
-"UV  until  extraction  procedures  were  performed.  The  extraction 
procedure  used  has  hecn  previously  well  described  by  Kcssct  (23). 
Briefly,  tumor  tissue  was  quickly  thawed  and  weighed  (approximately 
300-  to  600-mg  wet  weight).  Extractions  were  carried  out  by  disrupting 
tumor  tissue  in  2.5  ml  of  sodium  phosphate  buffer  I  pH  3.5)  using  a 
glass  homogenizer.  The  homogenate  was  shaken  for  5  min  at  22V 
with  2.5  volumes  of  methanohchloroform  (1:1)  and  subsequently  cen¬ 
trifuged  (1000  x  g,  10  min,  room  temperature).  The  lower  fluorescent 
phase  was  removed  and  evaporated  under  nitrogen,  the  residue  was 
taken  up  in  100  mI  of  methanol,  and  insoluble  materials  were  removed 
by  brief  centrifugation  (12,000  x  j,  30  s,  room  temperature).  Porphy¬ 
rin  uptake  was  estimated  from  the  absorbance  of  a  2-ml  aliquot  of  the 
methanol  extract  scanned  from  350  to  650  nm  using  a  Beckman  DU-7 
spectrophotometer.  The  concentration  of  each  fraction  was  determined 
by  comparing  its  absorbance  at  400  nm  with  a  known  concentration  of 
Photofrin  II  (20).  Absorption  spectra  were  obtained  in  solution  for  each 
fraction  which  showed  a  broad  peak  of  maximal  absorption  between 
380  and  420  nm.  Values  listed  in  Table  2  are  expressed  in  terms  of  Mg 
of  porphyrin  per  g  of  tumor  tissue  (wet  weight). 


RESULTS 

Our  HPLC  analysis  (Fig.  1)  shows  that  HpD  (Photofrin  II) 
contains  the  same  main  fractions  reported  by  other  investigators 
(24-27).  Fraction  I  is  obviously  Hp  based  on  its  location  on  the 
chromatogram.  Fraction  II  is  composed  of  the  isomers  of  HVD. 
Fraction  III  contains  a  large  number  of  components  (Moan  has 
previously  reported  in  Ref.  17)  including  protoporphyrin.  Frac¬ 
tion  IV  contains  all  components  eluted  after  Fraction  III. 
Reanalysis  of  Fraction  IV  results  in  a  chromatogram  almost 
identical  to  that  of  Photofrin  II  and  probably  includes  small 
amounts  of  all  the  previous  fractions  strongly  bound  to  the 
column. 

Photosensitizing  Efficiency,  inspection  of  the  tumors  24  h 
post-PDT  revealed  no  evidence  of  necrosis  in  control  animals 
which  received  100  J/cm:  of  light.  In  those  animals  that  re¬ 
ceived  either  Fraction  I  or  II.  gross  inspection  of  the  tumors 
revealed  no  visual  evidence  of  necrosis  and  only  minimal  su¬ 
perficial  necrosis  at  the  surface  of  the  tumor  upon  histological 
examination.  In  contrast,  those  animals  that  received  Fraction 
III  had  lOO^i  destruction  of  their  tumor.  Histologically,  these 
tumors  were  completely  hemorrhagic  with  all  tumor  cells  de¬ 
stroyed.  Those  tumors  that  received  Fraction  IV  demonstrated 
hemorrhagic  and  coagulation  necrosis  in  over  75Tc  of  the  tumor. 

Fluorescence.  Animals  were  sacrificed  at  24  h  postinjection 
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Our  experiments  show  that  Fractions  i  and  11  which  correspond 
to  Hp  and  HVD  are  more  fluorescent  when  one  considers  their 
fluorescence  in  terms  of  Mg  of  porphyrin  taken  up  in  the  tumor. 
Our  data  show  that  these  fractions  are  able  to  more  than  double 
the  total  tumor  fluorescence  with  only  minor  increases  in  tumor 
uptake  (1.65  and  1.51  times  control  for  Fractions  I  and  II).  It 
would  appear  that  the  reason  for  Fractions  I  and  II  resulting  in 
such  poor  overall  fluorescence  in  tumors  is  due  to  the  poor 
uptake  and  retention  of  these  fractions  in  vivo. 

Use  of  Fraction  III  results  in  an  increase  in  tumor  fluores¬ 
cence  3.42  times  control  desite  the  fact  tha*  the  total  porphyrin 
content  of  the  tumor  increases  almost  7  times  the  control.  We 
are  thus  left  with  the  question  of  how  a  poorly  fluorescent 
porphyrin  results  in  the  greatest  overall  tumor  fluorescence. 
Kessel  (23)  has  recently  proposed  a  sequence  of  events  which 
appears  to  answer  this  question.  He  suggested  that  the  admin¬ 
istration  of  HpD  in  vivo  leads  to  the  accumulation  at  the  tumor 
loci  of  the  DHE  (Fraction  III).  Subsequently,  gradual  intracel¬ 
lular  hydrolysis  yields  the  highly  fluorescent  Hp  and  HVD 
components  which  are  responsible  for  the  overall  tumor  fluo¬ 
rescence.  These  conclusions  were  based  on  an  experiment  where 
Kessel  (23)  injected  pure  DHE  into  mice  and  subsequently  used 
the  extraction  procedure  described  above  and  found  the  result¬ 
ing  HPLC  analysis  to  include  large  amounts  of  the  highly 
fluorescent  Hp  and  HVD  isomers.  An  almost  identical  HPLC 
profile  was  obtained  when  HpD  was  administered.  Dougherty 
(6)  has  also  described  experiments  in  which  Hp  and  HVD  were 
found  in  neoplastic  tissue  even  though  these  components  are 
not  tumor  localizers.  He  also  concluded  that  these  fractions 
must  therefore  result  from  the  degradation  of  the  tumor-local¬ 
izing  component  of  HpD,  which  is  by  itself  in  the  unhydrolyzed 
form,  a  poorly  fluorescent  porphyrin.  It  is  clear  that  the  hema- 
toporphyrin  derivtive  is  a  complex  mixture  of  porphyrins,  and 
models  which  treat  this  material  as  a  single  compound  are 
incomplete. 
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Abstract — Systemic  injection  of  hemaloporphynn  derivative  (HpO)  in  combination  with  visible  light 
(red  or  blue-green)  delivered  by  laser  wat  used  to  treat  a  patient  with  psoriasis.  The  psoriatic  les.ons 
responded  vigorously  to  laser  treatments,  terming  eschars  by  1  week  post  irradiation,  (n  contrast,  only 
minimal  erythema  was  observed  in  the  non  involved,  clinically  normal  appearing  skin.  Two  approaches 
for  localized  HpO  administration  were  investigated  in  the  guinea-pig  and  minipig  models  at  a  means 
of  achieving  local  photodynamic  effects,  tntracuianeous  injection  of  HpD  produced  localized  cutaneous 
photosensitization  with  either  UVA  or  red  light  Azone  increased  percutaneous  penetration  of  HpO 
in  human  skin  i/t  vitro  Topical  application  of  HpO  and  irradiation  with  UVA  produced  localized 
cutaneous  photosensitivity  and  inhibition  of  epidermal  DNA  synthesis 


INTRODUCTION 

1’hotosensitizers  have  been  used  for  centuries  to 
enhance  the  therapeutic  effects  of  light  in  treating 
skin  disorders  (Urbach  et  al..  1976).  As  early  as 
1400  ac  crude  psoralen  preparations  derived  from 
plants  were  used  in  combination  with  sunlight  to 
restore  skin  pigmentation  in  vitiligo.  With  the  devel¬ 
opment  of  artificial  light  sources,  compounds  which 
sensitize  to  UVB  and  UVA  have  come  to  play  an 
important  role  in  the  phototherapy  of  skin  diseases. 

Recently  there  has  been  enewed  interest  tr.  the 
photoactive  porphyrins,  particularly  hematoporphy- 
rin  derivative  (HpD).t  in  ihe  ireatnienl  of  a  variety 
of  human  malignancies,  including  skin  cancers 
(Dougherty.  19SI;  Totmo  et  al  .  1984,  Tse  et  at  , 
I9S4)  In  the  present  report  we  ezatnine  the  selec¬ 
tivity  of  systemic  HpD  photosensitization  in  psori¬ 
atic  skin  and  present  basic  studies  to  establish  the 
rationale  for  local  drug  delivery  to  minimize  the 
generalized  photosensitivity  of  normal  skin 

MATER  I  Al-S  AND  METHODS 
/.15/if  delivery  systems 

Human  studies.  The  blue-green  Itghi  source  was  a  12  W 
argon  ion  laser  (Spcctra-Physics  Model  No  1 71)  emitting  6 
W  at  488.  514  nm.  The  red  light  source  (630  nm)  was  a 
rhodamme  0  dye  laser  (Spcctra-Physics  Model  No  37 S) 
c soiled  by  the  argon  ion  laser.  The  dye  laser  beam  was 
focused  into  z  *00  um  quartz  fiber  optic  The  ouiput  from 
■lie  fiber-optic  tip  was  measured  with  a  Scientech  No  354 
colorimeter  and  the  dye  User  wavelength  determined  using 
a  JY  5-354  monochromeler. 
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Atumal  studies.  Two  different  light  sources  were  used 
for  irradiation  The  UVA  irradiation  source  was  provided 
by  a  high-intensity  UVA  point  source  (National  Uiological 
Corp  .  Cleveland,  OH)  (peak  emission  level  360-365  nm) 
placed  3  cm  from  the  skin  surface  The  light  intensity 
measured  by  a  LM301  light-meter  (National  Biological 
Carp  .  Cleveland.  OH)  was  appronmalely  25  mW/cm-’  si 
the  skin  surface.  Laser  irradiation  was  performed  with 
a  Coherent  (Pain  Altrs.  CA)  Innova  20  argon  ion  laser 
stimulating  a  Coherent  599-01  dye  laser.  The  dye  laser 
was  tuned  to  emit  radiation  at  630  nm  lor  HpD  lhe 
radiation  was  coupled  to  a  400-p.m  fused  silica  fiber  optic 
uung  a  Spcctra-Physics  (Mountain  View.  CA)  Model  316 
fiber  optic  coupler  The  output  end  of  the  fiber  w»v  ier 
ininatcd  with  a  microlcns  which  focused  Ihe  laser  radiation 
into  a  circular  field  of  uniform  light  intensity  ol  approxi¬ 
mately  2  cm  diameter  Laser  irradiation  from  the  liber 
was  monitored  with  a  Coherent  Model  2IU  power  mcicr 
before  and  after  ticatment 


Hematoporphyrin  derivative  (HpO) 

Photofon  II  (l*hotoinedtca.  Rjritjn.  NM  *n  used  m 
both  human  and  ar.unal  studies 

I’sanasts  photodynamic  therapy  ( I’D  f) 

A  patient  receiving  PDT  for  a  malignancy,  and  having 
psoriasis  as  a  secondary  malady,  was  injected  miravcn 
ously  with  HpD  al  a  dose  of  3  mg/kg  72  h  prior  io  laser 
irradiation.  Four  freatmenf  sites  of  psoriasis  and  4  sites  ol 
nonmvotved  clinically  normal  skin  each  appronmaielv  2 
cm  diameter  were  irradiated  with  red  and  blue-green  laser 
for  2-4  min  with  a  power  density  of  159  mW/crn’  le  c  ■! 
20  and  40  J/cm*)  Ihe  patient  returned  to  the  outpatient 
clime  for  follow-up  examination  si  24  h  and  .v  i.  2. 
and  3  weeks  following  laser  erjiosure 

Animal  ROT  studies 

Mature  female  albino  guinea-pigs  (Charles  River  Lab¬ 
oratories.  Ine. .  N  Wilmtngton.  M A '  were  housed  under 
natural  light  and  dark  conditions  until  administration 
photosensmzers,  at  which  time  tliev  wete  placed  n  the 
dark  Neel,  a  commercial  hair  depilatory  jirep.ir.iti.in 
(Whitehall  Laboratories.  Inc  .  New  York.  NY)  was  used 


It  c.v  II  y^CutlOKCil  el  Lt! 


K>  depilate  I  lie  li-iiks  ul  the  (MiinclC'C.S  2>  h  |>i*ot  to  ill'll; 
•idimmsiratum 

To  identify  wlm.li  o(  ihe  porphytm  components  of  HpD 
contcis  photosensitivity  to  skin.  we  injected  HpO  (I’hoto- 
(nn  II).  hemaiojuupliynn  (Ot  T.  i  DsN^hetty.  Roswell 
Park  Memorial  lo. mule.  Uulfilo.  NY).  protoporphyrin 
ind  hydroxyethylvinyldeuieroporphynn  (Porphyrin  Prod 
uci».  Login,  UT)  ;ii  increasing  doses  <5.  50.  500  tig) 
intracutancously  in  guinea-pigs,  followed  by  UVA  (211  St 
cm')  irradiation  n  h  post  drug  ireaimem.  Fhotosensitiz- 
anon  as  manifested  by  delayed  erythema  was  graded  at 
24  h  post  irradiation  using  the  following  scale:  0:  no  reac¬ 
tion;  I  ♦ :  minimal  erythema  with  sharp  borders;  2*:  more 
pronounced,  bright  erythema  without  edema;  3  +  :  marked 
erythema  with  edema:  4  ♦  :  violaceous  erythema  with  vei- 
iculation. 

Minipigs  (Miles  Laboratories.  Inc..  Shawnee.  KS)  were 
injected  intradermally  with  0. 1  m(  isotonic  saline  solution 
containing  ft.  10.  25.  or  5(1  »g  HpD.  During  the  light 
exposure  animals  were  restrained  and  lightly  anesthetized 
with  tylazine  and  ketamine  HCL  (Parke-DaviS.  Morris 
Plains.  NJ)  Twenty-four  h  after  HpD  injection  the 
injected  sites  were  treated  with  UVA  (20  !l<m,)  ot  red 
laser  (100  J/cm')  and  erythema  evaluated  at  different  time 
intervals  after  irradiation  using  the  scale  above. 

Autoradiographic  studies 

Autoradiographic  techmquer  were  used  iu  study  the 
effects  of  topical  1%  HpO  ir.  10?.  Atone  (l-dodecyliza- 
cycloheptan-2-one  (Nelson  Research.  Irvine.  CA)J  in  com¬ 
bination  with  UVA  irradiation  on  epidermal  DNA 
synthesis  in  mimpigs  Drug  was  applied  io  dorsal  skin  at 
a  tingle  application  or  applied  every  1 2  h  lot  a  total  of  3 
or  5  applications  $n  h  after  the  Iasi  application,  sites 
were  irradiated  woh  20  l/cin'  UVA  Skin  biopsies  were 
taken  prior  io  irradiation  to  examine  HpD  fluorescence 
■n  cryostat  sections  At  24.  4.S.  and  22  h  after  UVA. 
treatment  sites  were  injected  with  0  I  mf  mcthyfl  'Hjthy- 
■ntdmc  (25  Ci/mmol:  Ainersham.  Arlington  Heights,  IL) 
One  h  after  isotope  administration,  sues  were  biopsied 
with  a  4-mm  punch  jnd  prepared  histologically  for  auto¬ 
radiography  (Weinstein.  I9b5).  and  erposed  lot  6  weeks 
The  labelling  index  was  determined  as  a  measure  of  epider¬ 
mal  ONA  synthesis  by  counting  the  number  of  labeled 
basal  cells  per  1000  mierfollicular  basal  cells  The  auto¬ 
radiographic  results  were  eiptessed  as  per  cent  of  control 
(saline  injected  sites! 

In  vitro  percutaneous  penetration 

The  percutaneous  |icnctraiion  ol  HpO  through  excised 
lull  thickness  human  cadaver  skin  was  measured  m  Franz 
glass  diffusion  cells  using  ihe  technique  previously 
described  (McCullough  et  at  .  1983)  llematoporphynn 
derivative  at  a  concentration  of  I?,  in  variou.  concen¬ 
trations  ol  Azonc  was  applied  to  the  epidermal  surface 
(3  5  cm-’)  ol  the  skin.  HpD  percutaneous  penetration  into 
the  lower  valine -containing  reservoir  was  quantitated 
by  fluorometrre  analysis  (McCullough  ri  at  .  1983)  ar.d 
eiptessed  as  i»gih  per  cm'  Cryostai  sections  of  the  full- 
thickncss  skin  specimens  removed  from  the  diffusion 
Chambets  at  the  end  ol  the  study  were  crammed  for  HpD 
red  fluorescence 
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The  cutaneous  photosensitizing  effects  prodmed 
hy  irtadiatiori  with  ted  and  blue-green  light  wen* 
compared  m  .i  jiviiri.itn;  ji.itie.nt  who  received  Ifpf) 


(3  mg/kg)  given  intravenously  >’.T  h  prim  to 
irradiation.  A(  I  week  pust-Usci  flic  IA)  all  ol 
the  psoriasis  sites  treated  with  red  and  trine  -gicctt 
light  cxtiibifcd  increased  reddening,  and  tissue 
necrosis  with  eschar  formation  (it  contrast,  the  clin¬ 
ically  normal  skin  was  relatively  unaffected,  svith 
only  the  high  dose  (40  J/ctn’)  of  the  blue -green  light 
producing  a  noticeable  erythema  (Fig  II!)  Hy  I  -I 
days  the  psoriatic  sites  had  begun  re  eptihehcaiton 
around  (he  centra!  region,  with  citensivc  rc-cpithcl- 
ization  by  l  month.  At  2  months  all  psoriatic  lesions 
had  healed  normally. 

Local  HpD  administration 

Intracutaneous  injection.  Hetnatopotphyrin  deri¬ 
vative  and  its  various  porphyrin  components  were 
injected  intradermally  in  guinea-pigs  to  determine 
the  minimum  dose  required  to  produce  skin  photo- 
sensitization  when  irradiated  with  UVA  (Table  1) 
Hematoporphyrin  derivative  produced  marked  ery¬ 
thema  and  edema  at  the  lowest  dose  of  5.0  up 
Hematoporphyrin  produced  only  minimal  erythema 
ai  50.0  pg,  with  no  effect  at  the  5  0-pg  dose  The 
highest  dose  (iOO  pg)  of  protoporphyrin  and 
hydroxyethylvinyldeuteroporphynn  did  not  produce 
cutaneous  photoscnsitization  Likewise,  com. 'til 
injections  of  saline  and  UVA  irradiation  did  not 
cause  cutaneous  photosensitivity 

The  swine  model  (Sambuco.  19S5)  was  used  to 
compare  HpD  cutaneous  photosensitivity  with 
UVA  (20  J/cm*’)  and  red  light  (6’>0  imi  laset)  ( l!«) 
J/cm')  (Fig.  2)  Vanous  doses  of  HpD  ot  saline 
(control)  were  injected  intradermally  into  different 
skin  sites.  l  aser  treatment  of  the  HpD  sites  prod 
uced  an  immediate  erythema  (30  response,  m  eon 
trast  to  mild  (1  +)  erythema  with  UVA  With  both 
light  sources  the  erythema  response  was  dependent 
on  HpD  dose,  and  peaked  at  48—  7 2  It.  with  ihe 
maximum  resjaonse  (4  ♦  )  obtained  with  laser  1  here 
was  no  photosensitivity  in  the  saline  injected  Sites 

Topical  delivery  of  HpD  Azone  increased  the 
jKrnctration  of  1  %  HpD  through  human  'kin  m  vnm 
(Fig  3)  Maximum  HpD  penetration  (0  5  ng'cuf 
jset  h)  was  obtained  with  i0%  Azonc 

The  effect  of  topical  HpD  in  combination  with 
UVA  on  epidermal  DNA  synthesis  was  determined 
■n  the  mtmpig  (Fig.  4)  No  effect  was  seen  with 
either  a  single  application  or  3  consecutive  applt- 
cations  al  12-b  intervals  A  total  of  5  consecutive 
HpD  applications  at  I2h  intervals  followed  bv 
UVA  irradiation  was  tequircd  to  effectively  inhibit 
epidermal  DNA  synthesis.  These  results  ate  consist¬ 
ent  with  skin  fluorescence  measurements  winch 
showed  lltaf  a  minimum  ol  5  applications  was 
necessary  to  achieve  detectable  lljrl)  fluorescence 
m  Ihe  epidermis 
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Figuie  I  POT  o(  psoriasis:  psoriMK  It  non  (A)  and  clinically  normal  (nomnvolved)  dun  (B).  7  days 
posiirradianoa  with  btuc-green  laser:  (I)  20  J/cm',  (2)  40  Item1  (2).  red  law.  (3)  20  J/cm1.  (4)  40  It 

cm' 


it imc  HpD  in  combination  witli  visible  light 
delivered  by  laser  produces  a  selective  destruction 
of  lesional  skin  without  damaging  the  dimcJly  nor¬ 
mal  skin.  It  may  be  postulated  that  the  basis  ol 
the  enhanced  photosensitivity  of  psoriatic  skm  is  i 
selective  retention  of  HpO  in  the  hyperproliferativc 
jtsonatic  tissue.  Hematoporphvrin  derivative  has 
been  shown  to  have  an  affinity  for  tissues  with  ,i 
rapid  cellular  turnover,  such  as  neoplastic,  emhiv- 
> mu  and  regenerative  cells  (C’.irpentet  cr  si  .  1977. 


Ucrns  cr  j/  ,  1984b).  Heat  as  a  single  modality  at 
temperatures  of  4S*C  or  above  ha*  been  shown  to 
produce  beneficial  effects  in  psoriasis  (Orenberg. 
1984)  These  temperatures  would  not  have  been 
achieved  with  the  low  power  density  used  in  the 
present  study  (Bcrns  er  si..  1981a).  Thus,  it  is 
unlikely  that  liyperthcr.v.tj  costr.butcd  sig.sif.canuy 
to  the  clinical  changes  of  the  psoriatic  lesion  Fuiurc 
clfoits  1. 1  drvelop  tins  regimen  for  the  phntodv- 
n.iiiiic  ifier.ipv  ->l  pson.iM-.  must  examine  lonri 
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1  able  1  Cutaneous  pholoscnsilizalion  111  guinea-pip.-.  Iiy 
mifadcim.il  in  lection  of  MpD  porphyrin  components  ami 
UVA  irradiation 


Dose 

Erythema 

Porphyrin 

(tfg) 

al  2-1  h 

HpD 

5  0 

4-4 

Hematoporphyfin 

50.0 

4*  1 

Protoporphyrin 

500.0 

0 

Mydroxycthylvmyl 

500.0 

0 

cJcmcroporphyrm 

UVA  (20  l/cm;)  irradiation  6  h  post  drug  treatment . 


r.«««  (Ni  l  atl«f  Irradiation 
tlttr  (  IOOJ/em’)/uVA  t  JO  J/  cm* ) 

liguie  2  t’holosensiiizanon  by  mtracutancous  mfcctioi. 
ol  HpD  in  combination  with  UVA  vj  red  laser  irradiation 
in  mimpigs  Laser  (ICO  J/cm')  (•— ).  UVA  (20  J/citr ) 
( - )  UpD  50  ug  <•).  25  ,.g  (A);  10  ug  (O) 


doses  of  HpD  and/or  light  to  achieve  beneficial 
ihcrapeuiic  effects  without  producing  tissue 
necrosis.  In  contrast  to  the  known  carcinogenic 
effects  of  psor;tlen-UVA  (PUVA)  (Stern  1984), 
HpD  is  thought  to  be  nonmutagenic  (Gomer  et  ai  . , 
1983;  Kessel  and  Dougherty,  1983)  Hematoporphy- 
rm  derivative  PDT  may,  therefore,  have  substantial 
advantage  over  conventional  PUVA  therapy. 

The  major  disadvantage  of  iwrphyrin  PDT  by 
the  standard  systemic  route  of  administration  is  the 
prolonged  generalized  sensitivity  of  the  normal  skin 
to  visible  and  UV  light,  which  lasts  for  at  least  30 
days  post  drug  administration  (Zalar  et  a/.,  1977), 
In  an  effort  to  eliminate  systemic  exposure  to  MpD, 
mtracutaneous  injection  and  topical  delivery  were 
investigated  as  app*  aches  for  localized  drug  deliv¬ 
ery. 

Intraculaneoiis  injection  of  low  dose  (5  p.g)  HpD 
m  guinea-pigs  produced  a  vigorous  cutaneous 
photosensitivity  which  was  localized  to  (he  injection 


mar  iHHi 

Figure  3.  Effect  of  Azonc  concentration  on  percutaneous 
penetration  of  1%  HpD  in  human  skin  i«  vitro  Azonc 
concentration:  07.  (A);  27.  (•),  107.  (•) 


I**".  uv.  IniQiition 

Figure  4  Etfcci  ol  topical  application  ol  17.  HpD  in  10% 
Azonc  and  UVA  (20  J/cm!)  irradiation  on  epidermal  DMA 
synthesis  in  mimpigs  One  application  (•),  .1  apjttic.itioiu 
(•t.  5  applications  (  A) 


site.  Hemaloporphyrm  derivative  contains  dihem- 
atoporphyrm  ether  dnners/oligoiners  and  a  complex 
mixture  of  porjjlwins  (Dougherty  et  al  ,  1984).  The 
results  of  the  present  study  show  that  die  porphyrin 
monomers  (hematojyorphyrin.  protoporphyrin, 
hydroxyvinyldciilcioporphyrm)  are  not  potent 
jshotoscnsitizers  when  injecicd  intracutancouslv. 
These  findings  ate  consistent  wnli  other  studies 
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sliov.uu;  Ui.it  Iticec  porphyrin  ciiitipiincnu  arc 
;'hnti>seiisin/e;s  m  vitro,  but  in  vivo  do  not  accumii 
l.ito  sutiicioiitlv  to  mediate  photototic  effects  (Mo.m 
of  ,W  .  1984.  Dougherty  etal..  1983)  The  tumor 
Utc.i'u/ing  dihematopoiplwm  cthcis  ate  thought  to 
tie  icsponsible  fo»  conferring  photosensitivity  in  lm-o 
(Dougherty  <rt  at..  1984) 

I  lematoporpliyriii  derivative  can  be  activated  by 
far  l tV  wavelengths  and  nearly  all  wavelengths  of 
the  visible  spectrum  In  (lie  present  investigation 
die  phototoxic  response  with  intracutancous  HpO 
was  more  intense  with  visible  light  than  with  UVA 
However.  UVA  which  is  limited  to  more  superficial 
tissue  depths,  may  be  more  useful  for  the  treatment 
of  diseases  localised  to  the  skin  and  mucosa  UVA 
has  been  shown  to  be  effective  in  HpD  PDT  of 
psoriasis  (Dicze!  ct  at  .  1980). 

Topical  delivery  of  HpO  would  be  useful  for  the 
treatment  of  psoriasis  and  other  non-neoplastic 
hyperprohferative  diseases  of  the  skin.  The  limiting 
factor  in  topical  therapy  is  the  ineffective  percu¬ 
taneous  penetration  of  HpD  (McCullough  et  al.. 
1983)  In  the  present  study  Azone.  a  penetration 
enhancer  (Stoughton,  1982)  increased  percutaneous 
penetration  of  HpD  in  human  skin  in  vitro  How¬ 
ever.  in  vivo  several  consecutive  HpD  applications 
were  required  to  achieve  epidermal  levels  necessary 
to  inhibit  DNA  synthesis  with  UVA.  Topical  HpD 
may  also  l>e  useful  in  the  PDT  of  premalignant  and 
malignant  hyperprohferative  diseases  t"  mucosal  tis¬ 
sues  including  (he  oral  cavity,  bladder,  and  intes¬ 
tine  HpD  .should  more  readily  penetrate  these 
iioiikcr.itimzed  mucosal  tissues  Topical  delivery  .  t 
HpD  with  laser  has  been  used  vmti  some  success  in 
a  iimitcJ  trial  for  PDT  of  intraepithelial  neoplasia  ol 
i tic  tern. lie  genital  tract  ( Iscttcmii.uer  ft  al  .  1983) 

CONCl.l'SIONS 

Plmtoseositizers  provide  a  unique  approach  tor 
the  selective  photodynamic  iherapy  of  diseases  ioc'.i- 
bzed  to  the  skin  and  mucosa  The  local  delivery  of 
pli.itoseiisitizcrs  by  topical  application  and  intracu 
l. menus  or  mtralcsional  .ii|ection  should  enhance 
die  selectivity  ami  minimize  the  normal  skin  photo- 
sensitization  produced  hy  systemic  administration 
Considerable  progress  has  already  been  made  hi 
understanding  the  photodynamic  actions  of  the  por¬ 
phyrins  leading  to  more  effective  clinical  appli¬ 
cations  The  addition  of  new  chemicals  that  sensitize 
diseased  cells  and  tissues  to  electromagnetic  radi¬ 
ation  m  the  near-UV  and  visible  regions  of  the 
spectrum  remains  of  considerable  interest  for  dcmi 
otologic  therapy 

At  Giow/ei/gememi  —  We  gratefully  acknowledge  the  evil 
latxiranve  efforts  of  Dr  Alan  Wile  and  clinical  assistance 
ol  loan  llcmeuunn.  If  N  Pus  work  was  supported  in 
••ar.  t.v  USP1I.S  Grains  AM271 10.  CA32248  and  KROI 102 
from  die  National  Involutes  of  Health  amt  by  the  Southern 
l  '.lilt  I)  r  ill  a  Dermatology  Foundation 
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The  surface  thrombogenicity  or'  atheromas,  conventional  endarterectomy  (CE).  laser  endarterec¬ 
tomy  (LE).  and  laser  angioplasty  (LA)  were  compared  in  the  rabbit  arteriosclerosis  model.  Normal  (/V 
-  6)  and  arteriosclerotic  (.V  *  15)  rabbits  underwent  thoracoabdominal  exploration.  Multiple  CEs  and 
LEs  were  performed  in  1 2  arteriosclerotic  rabbits  leaving  a  segment  of  intact  atheroma  between  each 
endarterectomy.  Multiple  LAs  were  performed  in  three  arteriosclerotic  rabbits.  Argon  ion  laser  radia¬ 
tion  was  used  for  all  laser  procedures.  Blood  (0.05  ml)  from  normal  rabbits  was  placed  on  the  CE 
surface.  LE  surface.  LA  surface,  atheroma,  and  normal  intima  and  dotting  times  were  determined. 
Surface  thrombofenicity  was  calculated  as  the  ratio  of  the  dotting  tune  of  the  CE,  LE.  LA,  or  atheroma 
to  normal  intima.  Surface  thrombogenicity  was  1 .0  ±  0.03  for  normal  intima  (control).  0.58  ±  0.06  for 
atheromas  (P  <  0.001).  0.46  ±  0.08  for  CE  (/*<  0.001  from  atheromas).  0.46  ±  0.08  for  LE  (/* »  NS 
from  CE).  and  0.27  ±  0.09  for  LA  (P  <  0.00 1  from  CE  and  LE).  The  thrombogenicity  of  LE  is  the  same 
as  the  thrombofenicity  of  CE.  Both  forms  of  endarterectomy  are  less  thrombogenic  than  LA  in  the 
rabbit  model,  e  iwt  ausmc  ton.  Ik. 


Argon  ion  laser  radiation  of  arterioscle¬ 
rotic  plaques  has  been  shown  to  leave  car¬ 
bonized  debris  and  thermal  disruption  of 
several  cell  layers  beneath  the  luminal  sur¬ 
face  [1.  5.  9.  12,  13].  Since  atheromas  and 
atheromatous  debris  (also  known  as  athero¬ 
matous  gruel),  as  well  as  disruption  of  the 
endothelial  surface  predispose  to  thrombosis 
[3,  16],  the  vascular  surface  following  laser 
angioplasty  of  arttriosclerosis  may  be  highly 
thrombogenic.  We  have  attempted  to  mini¬ 
mize  thermal  injury  to  the  arterial  surface  by 
performing  open  laser  endarterectomy  rather 
than  closed  laser  angioplasty  with  the  argon 
ion  laser  [4, 5, 6, 7],  The  initial  results  of  laser 
endarterectomy  are  comparable,  and  in 
some  ways  superior,  to  conventional  surgical 
endarterectomy  [6].  Yet  the  influence  of 

1  Presented  it  the  Annual  Meeting  of  the  Association 
for  Academic  Surgery,  Cincinnati,  Ohio,  November 
10-13,  1985. 

1  This  work  was  supported  by  NIH  Granu  HL  31318 
and  RRO  1 192. 

1  To  whom  reprint  requests  should  be  addressed  at 
5901  East  Seventh  Street  (112),  Long  Beach.  Calif. 
90822. 


laser  radiation  upon  the  atheroma-platelet 
interaction  and  the  endothelial  response  to 
injury  may  cause  the  laser  surface  to  be  more 
thrombogenic  than  the  surgical  surface.  This 
report  evaluates  the  surface  thrombogenicity 
(19,  23]  of  argon  ion  laser  endarterectomy  in 
an  experimental  rabbit  arteriosclerosis 
model. 

MATERIALS  AND  METHODS 

Normal  and  arteriosclerotic  New  Zealand 
white  rabbits  were  used  in  this  study.  They 
received  humane  care  in  compliance  with 
the  Animal  Care  Committee  of  the  Univer¬ 
sity  of  California,  Irvine  and  the  Guide  for 
the  Care  and  Use  of  Laboratory  Animals 
prepared  by  the  National  Academy  of 
Sciences  and  published  by  the  National  Insti¬ 
tutes  of  Health  (NIH  publication  No.  80-23, 
revised  1978).  Utider  general  anesth  ,ia  (im 
acepromazine  0.5  mg/kg,  xyiazine  30  mg/kg, 
ketamine  SO  mg/kg),  IS  rabbits  underwent 
balloon  catheter  trauma  to  the  thoracoab¬ 
dominal  aoru.  They  were  fed  a  2%  choles¬ 
terol  diet  for  20  weeks.  This  regimen  pro- 
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duces  significant  arteriosclerosis  in  86%  of 
rabbits  (4).  The  disease  is  uniform  through¬ 
out  the  traumatized  aorta.  Grossly  the  in- 
tima  appears  markedly  thickened  and  disco¬ 
lored.  Microscopically  the  atheromas  are 
surrounded  by  a  fibrous  cap.  They  show  in¬ 
flammation,  fatty  infiltration,  and  microcal¬ 
cification  with  extension  into  the  superficial 
layers  of  the  media  [4], 

Argon  ion  lasers  (Coherent  INNOVA  20 
or  Spectra  Physics  Model  171)  with  mixed 
wavelengths  488  and  5 14.5  nm  were  used  for 
laser  procedures.  Laser  light  was  delivered 
through  a  400  pm  quartz  fiber  optic  at  a 
power  of  1.0  W.  Power  was  measured  from 
the  fiber  ootic  output  end  (Coherent  power 
meter.  Model  2 10)  at  the  beginning  and  con¬ 
clusion  of  each  procedure  and  was  contin¬ 
uously  monitored  from  the  laser  head  during 
laser  operation.  The  ends  of  the  fiber  optic 
were  freshly  cut  and  polished  for  each  exper¬ 
iment  The  delivery  of  laser  energy  was  con¬ 
trolled  by  the  duration  of  exposure  and  this 
ranged  from  1.0  to  30  sec  ( 1 .0  to  30  J).  The 
energy  density  was  approximately  770 
W/cm2  and  the  spot  diameters  were  approxi¬ 
mately  0.5  mm2.  Six  normal  rabbits  and  15 
arteriosclerotic  rabbits  were  anesthetized 
(im  acepromazine  0.5  mg/kg,  xytazine  3.0 
mg/kg,  ketamine  50  mg/kg),  intubated,  and 
ventilated  with  a  small  animal  respirator. 
Additional  ketamine  (50  mg/kg  iv)  was  ad¬ 
ministered  during  the  procedure  to  maintain 
anesthesia.  A  thoracoabdominal  exploration 
was  performed.  The  aorta  was  isolated  and 
major  branches  were  controlled.  No  antico¬ 
agulants  were  administered.  In  the  normal 
rabbits  and  in  1 2  arteriosclerotic  rabbits, 
proximal  and  distal  vascular  control  of  the 
thoracoabdominal  aorta  was  obtained  and 
the  aorta  was  opened  longitudinally.  Multi¬ 
ple  conventional  surgical  endarterectomies 
and  laser  endarterectomies  (4]  were  per¬ 
formed  in  each  of  the  arteriosclerotic  rabbits 
leaving  a  segment  of  intact  atheroma  be¬ 
tween  each  endarterectomy.  Conventional 
endarterectomy  was  performed  in  the  stan¬ 
dard  fashion  (20j  using  an  endarterectomy 
dissector  and  vascular  instruments.  A  cleav¬ 


age  plane  was  developed  just  ben  '-uh  the  in¬ 
ternal  elastic  lamina  to  dissect  the  atheroma 
from  the  arterial  wall  and  the  end  points 
were  sharply  divided.  Laser  endarterectomy 
was  performed  by  using  individual  laser  ex¬ 
posures  ( 1 .0  to  5.0  J)  to  create  a  line  of  laser 
craters  at  the  proximal  and  distal  ends  of  an 
atheroma.  These  lines  of  laser  craters  were 
connected  by  continuous  wave  laser  light 
(multiple  exposures  of  10  to  20  J)  to  loosen 
the  atheroma.  The  cleavage  plane  was  dis¬ 
sected  within  the  media  by  continuous  wave 
laser  radiation  (multiple  exposures  of  10  to 
30  J).  When  the  plaque  was  dissected  free 
from  the  atheroma,  the  end  points  were 
welded  by  continuous  wave  laser  radiation 
(10  to  20  J). 

In  the  remaining  three  arteriosclerotic  rab¬ 
bits,  vascular  control  of  the  common  iliac 
arteries  was  obtained,  an  arteriotomy  was 
made  in  the  left  common  iliac  artery,  and  a 
balloon  catheter  was  inserted  for  proximal 
control.  A  5  Fr.  catheter  was  introduced  and 
advanced  proximally  until  an  obstructing 
atheroma  was  encountered.  The  exact  site  of 
the  lesion  could  be  marked  for  future  study 
because  the  rabbits  were  open.  The  quartz 
fiber  optic  was  passed  through  the  catheter 
and  1.0  sec  laser  exposures  were  delivered 
until  the  plaques  were  ablated  and  the  cath¬ 
eter  could  be  advanced.  Multiple  laser  an¬ 
gioplasties  were  performed  in  each  rabbit. 
Upon  completion  of  laser  angioplasties, 
proximal  vascular  control  was  obtained,  the 
fiber  optic  and  the  catheters  were  withdrawn 
and  the  aorta  was  opened  longitudinally. 

Upon  completion  of  the  procedures  (end¬ 
arterectomy  or  angioplasty),  the  aortas  were 
rinsed  with  saline  (37°C)  to  remove  blood. 
Local  humidification  was  provided  to  the 
open  thorax  and  abdomen  to  prevent  dessi- 
cation  of  the  arterial  surface.  Blood  was 
drawn  from  normal  donor  rabbits  and  0.05 
mi  of  normal  rabbit  blood  was  applied  im¬ 
mediately  to  normal  intima  (control),  intact 
atheroma,  conventional  endarterectomy  sur¬ 
face,  laser  endarterectomy  surface  and  laser 
angioplasty  surface.  A  fresh  wood  applicator 
stick  was  applied  to  the  blood-surface  inter- 
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face  every  15  sec  and  clotting  times  were  de¬ 
termined  as  the  time  at  which  a  reproducib'c 
strand  of  fibrin  attached  to  the  applicator 
stick  and  pulled  away  from  the  surface.  Each 
applicator  was  used  only  once.  Six  donor 
rabbits  were  used.  A  total  of  2.0  ml  of  blood 
was  withdrawn  from  each  donor  rabbit  so 
that  progressive  exsanguination  and  subse¬ 
quent  changes  in  the  coagulability  of  the 
donor  rabbit  blood  did  not  occur.  Prior  to 
use  as  a  donor,  a  0.05  ml  sample  of  blood  was 
applied  to  a  glass  slide  to  assure  that  the 
donor  blood  had  net  been  activated.  None  of 
the  donors  were  found  to  be  hypercoagulabie 
by  this  method.  There  were  12  experiments 
performed  on  normal  intima  (control),  26 
experiments  performed  on  atheromas,  con¬ 
ventional  endarterectomy  surfaces,  and  laser 
endarterectomy  surfaces,  and  8  experiments 
on  laser  angioplasty  surfaces. 

Following  the  determination  of  surface 
clotting  time,  the  aortas  were  harvested  from 
the  rabbits  and  the  rabbits  were  sacrificed 
(barbiturate  injection).  The  aortas  were  ex¬ 
amined  under  a  dissecting  microscope.  No 
perforations  were  seen.  The  laser  endarterec¬ 
tomy  and  laser  angioplasty  sites  were  mea¬ 
sured  to  determine  the  surface  area  irra¬ 
diated.  Energy  fluence  (J/cm:)  was  calcu¬ 
lated  from  the  energy  necessary  to  perform 
each  laser  procedure  and  the  surface  area  of 
each  laser  procedure.  Surface  thrombogenic- 
ity  was  calculated  as  the  ratio  of  the  clotting 
time  of  the  a'heroma,  conventional  endar¬ 
terectomy,  laser  endarterectomy,  or  laser  an¬ 
gioplasty  surface  to  normal  intima.  The 
values  of  surface  thrombogenicity  were  eval¬ 


uated  by  the  F  statistic  for  a  single  factor 
analysis  of  variance  [21]  and  the  Kruskal- 
Wallis  test  for  equality  of  means  [14],  Differ¬ 
ences  amounting  to  a  value  of  P  <  0.05  were 
considered  significant. 

RESULTS 

The  results  are  reported  as  the  mean  ±  SD 
for  the  rabbits  in  each  group  (Table  1 ).  Ath¬ 
eromatous  plaque  was  found  to  have  a  clot¬ 
ting  time  of  247  ±  35  sec  for  a  surface 
thrombogenicity  of  0.58  s  0.06.  This  was 
highly  significant  ( P  <  0.001)  from  control 
clotting  time,  425  ±  5 1  sec.  The  clotting 
times  of  the  conventional  and  laser  endarter¬ 
ectomy  surfaces  were  193  ±  40  and  192  ±  36 
sec  respectively,  for  identical  surface  throm¬ 
bogenicity  values  of  0.46  ±  0.08  (P  <  0.00 1 
from  atheroma).  The  laser  angioplasty  sur¬ 
face  achieved  a  clotting  time  of  1 1 7  ±  1 3  sec 
for  a  surface  thrombogenicity  value  of  0.27 
±0.03  ( P  <  0.001  from  endarterectomy). 
The  laser  endarterectomy  required  an  aver¬ 
age  energy  density  of  1 1 2  ±  12  J/cnr  and  the 
laser  angioplasty  required  an  average  energy 
density  of  92  ±  30  J/cm2. 

DISCUSSION 

The  purpose  of  intraluminal  angioplasty  is 
recanalization  of  a  stenotic  or  occluded  arte¬ 
riosclerotic  artery.  The  procedure  does  not 
remove  atheromas  or  reconstruct  a  diseased 
artery.  Open  laser  endarterectomy  is  a  re¬ 
constructive  procedure  for  the  removal  of 
atheromatous  plaques  like  a  conventional 
surgical  endarterectomy.  Since  arteriosclc- 


TABLE  I 

Sort  act  Clotting  Time  and  Tmhombogeniotv* 


Surface 

Number  of 
raboits 

Gouir.g  time 
(sec) 

Surface 

tiirombogenicity 

Normal  intima 

6 

425  ±31 

1.0  £0.03 

Atheroma 

12 

247  £  J5 

0.58  £0.06 

Conventional  endarterectomy 

12 

193  £  40 

0.46  £  0.08 

Laser  endarterectomy 

12 

192  £  36 

0  46  £  0.08 

Laser  angioplasty 

3 

II7£  13 

0.27  £  0.03 

All  values  are  means  ±  SD. 
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rotic  plaques  have  a  fibrous  cap.  the  laser 
angioplasty  procedure  will  remove  the  cap 
and  leave  an  exposed  atheroma.  Lyford  et  at. 
(16]  have  homogenized  atheromas  to  create 
atheromatous  gruel  and  demonstrated  that 
this  atheromatous  gruel  is  a  highly  thrombo- 
genic  substance.  When  atheromatous  gruel 
was  injected  into  rats,  thrombocytopenia, 
intravascular  coagulation,  and  thromboem¬ 
bolic  phenomena  ensued.  The  exposed  ath¬ 
eroma  following  intraluminal  laser  angio¬ 
plasty,  therefore,  may  be  highly  thrombo- 
genic. 

Our  data  support  this  hypothesis.  The  laser 
angioplasty  surface,  denuded  of  its  fibrous 
cap.  had  the  fastest  clotting  time  of  the  sur¬ 
faces  studied  and  the  surface  thrombogenic- 
ity  of  laser  angioplasty  was  significantly 
greater  than  the  surface  thrombogenicity  of 
laser  endarterectomy.  The  endarterectomy 
clotting  times  (laser  versus  conventional) 
were  nearly  identical.  This  is  not  unexpected 
because  both  procedures  remove  the  ather¬ 
oma  from  beneath  the  internal  elastic  lam¬ 
ina.  The  surfaces  were  significantly  more 
thrombogenic  than  normal  intima  or  undis¬ 
turbed  atheroma  but  this  occurs  because 
endarterectomy  leaves  exposed  collagen 
fibers  and  eliminates  the  fibrinolytic  system 
of  the  intact  vascular  endothelium  (2,  10, 
11].  In  the  present  study,  atheromas  were 
also  found  to  be  thrombogenic.  This  is  in 
agreement  with  previous  studies  that  have 
shown  that  atheromas  are  preferential  sites 
for  platelet  adhesion  and  thrombus  forma¬ 
tion  [17,  18]. 

Grundfest  and  associates  have  questioned 
the  quality  of  the  argon  ion  laser  angioplasty 
surface  because  of  carbonization  and  cellular 
vacuolization  [9],  They  have  proposed  the 
excimer  laser  (308  nm)  for  laser  angioplasty 
because  the  excimer  laser  angioplasty  surface 
appears  free  of  carbon  and  “blast”  injury. 
Since  it  may  be  the  exposed  atheroma  rather 
than  the  carbonization  that  is  responsible  for 
thrombosis  following  photoradiation,  the  ex¬ 
cimer  laser  surface  may  be  just  as  thrombo¬ 
genic  as  the  argon  ion  lase.  surface.  Certainly 
if  the  argon  ion  effects  alone  were  responsible 


for  increased  thrombogenicity,  the  laser  end¬ 
arterectomy  surface  should  be  more  throm¬ 
bogenic  than  the  conventional  endarterec¬ 
tomy  surface.  Our  data  do  not  support  this. 
The  only  other  study  of  the  thrombotic  po¬ 
tential  of  a  photoradiated  arterial  surface  was 
performed  by  Van  Sticgmann  et  at.  [22]. 
They  photoradiated  segments  of  normal 
porcine  carotid  arteries  with  a  Nd-YAG  laser 
(1.06  #»m)  and  implanted  these  segments  in 
an  aortic  window.  They  reported  a  lack  of 
thrombus  formation  in  these  segments,  but 
they  qualified  their  results  by  noting  that  the 
experiments  were  not  analogous  to  laser  ra¬ 
diation  of  arteriosclerotic  arterial  segments. 
They  performed  chronic  experiments,  how¬ 
ever,  as  opposed  to  our  acute  experiments. 
We  could  not  perform  chronic  endarterec¬ 
tomy  experiments  in  the  arteriosclerotic  rab¬ 
bits.  By  the  time  the  lesions  were  advanced 
enough  for  study,  the  rabbits  were  too  ill  to 
routinely  survive  thoracoabdominal  explora¬ 
tion.  They  had  coronary  artery  disease  as 
well  as  peripheral  vascular  disease.  They  also 
had  fatty  infiltration  of  the  liver  and  aoproxi- 
mately  20%  had  lipid  ascites.  If  chronic  in¬ 
vestigations  of  thrombogenicity  following 
laser  treatment  of  arteriosclerosis  are  to  be 
performed,  a  different  animal  model  must  be 
used. 

Thrombosis  is  one  of  the  major  complica¬ 
tions  of  intraluminal  laser  use  [1.8.  13]. 
Ginsburg  and  co-workers  have  shown  that 
thrombotic  complications  increase  as  the 
amount  of  argon  ion  laser  energy  delivered 
increases  [8].  Of  course,  the  patients  with  the 
most  severe  disease  would  probably  require 
the  highest  levels  of  energy  for  recanaliza¬ 
tion,  so  their  results  may  be  a  reflection  of 
the  severity  of  disease  rather  than  increased 
thrombotic  potential  due  to  laser  energy.  In 
the  present  study,  comparable  energy  fluence 
was  used  to  perform  both  laser  endarterec¬ 
tomy  and  laser  angioplasty.  Since  laser  light 
was  delivered  in  perpendicular  and  tangen¬ 
tial  directions  for  laser  endarterectomy  and 
in  a  coaxial  direction  for  laser  angioplasty, 
the  laser  endarterectomy  surface  probably 
received  more  direct  laser  energy  than  the 
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laser  angioplasty  surface.  Hence,  the  greater 
thrombotic  potential  of  laser  angioplasty 
cannot  be  attributed  to  greater  energy 
fluence.  Livesay  has  recommended  the  lib¬ 
eral  use  of  anticoagulants  and  antiplatelet 
medications  following  carbon  dioxide  laser 
(10.6  nm)  radiation  of  coronary  artery  arte¬ 
riosclerosis  [15).  Lyford  et  al.  showed  that 
blood  from  patients  receiving  heparin  re¬ 
tained  its  anticoagulant  properties  when  ex¬ 
posed  to  atheromatous  gruel  whereas  blood 
from  patients  receiving  coumadin  did  not 
[16].  He  did  not  study  the  effect  of  antiplate¬ 
let  medications  on  the  coagulant  response  to 
atheromatous  gruel,  however.  Since  we  have 
shown  that  laser-irradiated  atheromas  are 
highly  thrombogenic,  we  agree  with  Live- 
say’s  recommendation  for  anticoagulation 
following  laser  recanalization. 

The  surface  clotting  time  measures  the 
thrombogenicity  of  a  blood  flow  surface.  Al¬ 
though  it  is  a  static  measurement  which  does 
not  reflect  the  fibrinolytic  capability  of  high 
velocity  blood  flow  or  the  coagulant  effects  of 
neointima  formation,  it  does  provide  a  reli¬ 
able  measure  of  the  relative  thrombogenicity 
of  arterial  surfaces  (19,  23).  Various  arterial 
prostheses  have  been  evaluated  by  this  tech¬ 
nique  and  subsequent  clinical  results  have 
confirmed  the  experimental  results.  Based 
upon  the  surface  thrombogenicity.  we  would 
expect  better  patency  following  laser  endar¬ 
terectomy  than  laser  angioplasty.  Since  it 
may  be  the  exposed  atheroma  rather  than  the 
laser-atheroma  interaction  which  is  respon¬ 
sible  for  increased  thrombogenic  potential, 
the  laser  angioplasty  surface  may  be  highly 
thrombogenic  no  matter  which  laser  is  used. 
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Laser-transected  Microtubules  Exhibit 
Individuality  of  Regrowth,  However  Most 
Free  New  Ends  of  the  Microtubules  Are  Stable 

Wen  Tao,  Robert  J.  Walter,  and  Michael  W.  Berns 
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Abstract.  To  study  the  possible  mechanism  of 
microtubule  turnover  in  interphase  cells,  we  have  used 
the  266-nm  wavelength  of  a  short-pulsed  Nd/YAG  la¬ 
ser  to  transect  microtubules  in  situ  in  Ptk:  cells  at 
predefined  regions.  The  regrowth  and  shrinkage  of  the 
transected  microtubules  have  been  examined  by  stain¬ 
ing  the  treated  cells  with  antitubulin  mAb  at  various 
time  points  after  laser  irradiation.  The  results  demon¬ 
strate  that  microtubules  grow  back  into  the  transected 
zones  individually;  neither  simultaneous  growth  nor 
shrinkage  of  all  microtubules  has  been  observed.  The 
half-time  of  replacement  of  laser-dissociated  microtu¬ 
bules  is  observed  to  be  ~I0  min.  On  the  other  hand. 


Microtubules  (MTs)1  are  one  of  ihe  three  major 
fibrillar  systems  of  the  cytoskeieton  and  play  an  im¬ 
portant  role  in  cell  movement,  determination  of 
cell  shape,  organization  of  the  internal  architecture  of  the 
cell,  and  segregation  of  chromosomes  in  mitosis  tIO.  34) 
For  a  better  understanding  of  these  fundamental  cellular 
processes  it  is  essential  to  understand  the  mechanism  of  as¬ 
sembly  of  the  MT  polymer. 

MTs  were  initially  postulated  to  be  polymers  in  a  simple 
equilibrium  with  the  free  tubulin  subunits  (18,  30).  Subse¬ 
quently.  evidence  indicated  that  this  view  was  overly  simple. 
Experimental  as  well  as  theoretical  explorations  of  the  role 
of  nucleotide  hydrolysis  in  assembly  led  to  the  treadmilling 
model  which  proposes  that,  at  steady  state,  there  may  be  a 
net  tubulin  addition  at  one  end  of  the  polymer  and  a  net  loss 
from  the  other  end,  resulting  in  a  unidirectional  flux  of  tubu¬ 
lin  through  MTs  (9,  25;  reviewed  in  reference  26).  More  re¬ 
cently,  based  on  observations  of  individual  MT  behavior 
under  conditions  in  which  the  free  monomer  concentration 
is  equal  to  or  below  the  steady-state  concentration  and  on 
modeling  of  dynamics  of  theoretical  MTs  using  hypothetical 
values  for  the  rate  constants,  an  alternative  “dynamic  insta¬ 
bility"  model  was  proposed.  This  model  asserts  that  over  a 
wide  tubulin  concentration  range,  a  slow  growing  phase  and 
rapid  shrinking  phase  may  coexist  in  a  population  of  MTs; 
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exposure  of  the  core  of  the  microtubule,  which  is  ex¬ 
pected  to  consist  almost  completely  of  GDP-tubulin. 
by  transecting  the  internal  regions  of  the  microtubule 
does  not  render  the  remaining  polymer  catastrophi¬ 
cally  disassembled,  and  most  transected  microtubules 
with  free  minus  ends  do  not  quickly  disappear.  Taken 
together,  these  results  suggest  that  most  microtubules 
in  cultured  interphase  cells  exhibit  some  properties  of 
dynamic  instability  (individual  regrowth  or  shrinkage); 
however,  other  factors  in  addition  to  the  hydrolysis  of 
GTP-tubulin  need  to  be  involved  in  modulating  the  dy¬ 
namics  and  the  stability  of  these  cytoplasmic  microtu¬ 
bules. 


growing  MTs  arc  postulated  to  have  tubulin  subunits  with 
bound  GTP  at  the  polymer  ends,  while  the  terminal  subunits 
in  shrinking  MTs  are  thought  to  have  bound  GDP.  The  two 
phases  interconvert  stochastically  and  infrequently  (15,  16, 
23.  27,  28). 

At  present,  it  appears  that  more  is  known  about  the  assem¬ 
bly  of  tubulin  dimers  into  MTs  under  various  artificial  condi¬ 
tions  in  vitro  than  in  living  cells.  Microinjection  of  fluo- 
resccntly  labeled  tubulin  into  living  cells  and  subsequent 
immunocytochemistry  or  measurement  of  fluorescence  re¬ 
distribution  after  laser  photobleaching  has  demonstrated  that 
intracellular  MTs  must  be  in  a  dynamic  steady  state  (5.  36, 
38.  40),  although  the  mechanism  of  MT  assembly  in  cells  is 
not  well  understood.  One  recent  study  suggested  that  dy¬ 
namic  instability  may  be  the  mechanism  of  MT  turnover 
in  living  fibroblasts;  however,  the  lack  of  overall  high  res¬ 
olution  of  individual  MTs  made  the  interpretation  of  the  ex¬ 
periments  difficult  (37).  There  arc  several  other  possible 
drawbacks  associated  with  microinjcction  experiments:  an 
increase  in  intracellular  tubulin  concentration  and  in  total 
cell  volume,  mixture  of  labeled  and  endogenous  tubulins, 
and  differences  of  behavior  between  the  labeled  and  unmod¬ 
ified  subunits. 

Selective  subcellular  microsurgery  on  many  cell  structures 
using  a  variety  of  (Ik used  laser  beams  has  been  well  devel¬ 
oped  (reviewed  in  reference  2).  Furthermore,  it  has  been 
shown  that  a  short-pulsed  UV  laser  can  be  used  to  ablate  an 
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itriwriic  polymer  or  biological  tissue  w  uh  no  ilcicciablc  ther¬ 
mal  damage  to  the  substrate  (41 1 

We  have  combined  the  techniques  of  laser  microsurgery 
and  lmmunocytochcmistiy.  and  dcsigneil  a  scries  ot  e\pon- 
ments  to  examine  the  mechanism  ot' assembly  and  disassem¬ 
bly  of  cytoplasmic  MTs  in  interphase  cells  The  results  show 
that  MTs  grow  back  into  the  transected  /ones  indiv  idually  al¬ 
ter  laser  transection.  The  half-time  ot  MT  replacement  was 
observed  to  be  A-d0  min.  The  simultaneous  growth  or  shrink¬ 
age  of  all  transected  MTs  predicted  by  the  treadmilling  model 
was  never  observed  under  the  experimental  conditions.  This 
suggests  that  the  majority  of  cytoplasmic  MTs  exhibit  some 
properties  ot  dynamic  instability.  But  most  transected  MTs 
with  free  new  ends  generated  by  laser  irradiation  do  not  im¬ 
mediately  disassemble  to  completion,  and  the  free  minus 
ends  of  these  MTs  are  relatively  stable  for  a  period  of  >10 
min.  This  suggests  that  the  presence  of  other  factors  besides 
the  hydrolysis  of  GTP-tubulin  modulates  the  dynamics  and 
stability  of  the  cytoplasmic  MTs. 

Materials  and  Methods 

Cell  Culture 

PtK;  cells  (rat  kangaroo  kidney  epithelium)  were  originally  obtained  from 
the  American  Type  Culture  Collection  (ATCC;  Rockville,  MD).  and  have 
the  advantage  in  that  they  are  thin  and  remain  relatively  flat  throughout  their 
cell  cycle.  The  cells  were  grown  as  monolayers  in  minimal  essential  medium 
(Gibco  Laboratories,  Grand  Island.  NY)  containing  10%  FCS  without  anti¬ 
biotics.  Cultures  were  maintained  at  37*C  in  a  humidified  atmosphere  of 
5%  CO:. 

Laser  Transection  of  MTs 

The  laser  microbeam  system  was  similar  to  that  described  previously  (42). 
Laser  transection  of  MTs  was  performed  on  cells  in  Rose  culture  chambers 
using  the  foutth  harmonic  266-nm  wavelength  from  a  short-pulsed  Nd/YAG 
laser  (model  YG  481A;  Qtuntel  Corp..  Tempe.  AZ).  The  pulse  energy  of 
the  unfocused  laser  beam  was  found  to  be  63-144  microjoules  before  attenu¬ 
ation.  with  a  pulse  duration  of  10  ns.  Laser  energy  was  controlled  with  neu¬ 
tral  density  filters  (Oriel  Corp.  of  America.  Stanford.  CT)  placed  in  the  light 
path.  For  each  individual  experiment,  the  laser  pulse  energy  was  carefully 
monitored  and  controlled  so  that  it  remained  constant  throughout  the  experi¬ 
ment.  The  laser  was  diverted  by  a  series  of  optical  mirrors  and  a  dichroic 
filter  into  an  inverted  Axomat  microscope  (Carl  Zeiss,  Inc..  Thornwood, 
NY),  and  focused  through  a  100 x  Ultrafluar  objective  (Carl  Zeiss.  Inc.). 
The  effective  spot  size  of  the  focused  laser  beam  was  estimated  to  he  5  pm 
in  diameter.  Frequency  of  the  pulses  was  controlled  by  an  electronic  shutter 
synchronized  with  the  laser. 

The  cells  were  seeded  in  Rose  culture  chambers  with  quartz  coverslips, 
as  one  chamber  window.  36-40  h  before  the  experiments.  To  minimize  cell- 
to-cell  variability,  the  cells  with  a  similar  size  (MOO  pm  long)  and  elliptic- 
shape  were  selected  for  this  study.  The  positions  of  the  selected  cells  were 
marked  by  scribing  small  circles  (1.0  mm  in  diameter)  around  them  on  the 
outside  surface  of  the  quartz  coverslips  using  a  diamond  marking  objective. 
Observation  of  the  target  ceils  and  accurate  determination  of  predefined 
regions  were  accomplished  by  projecting  the  cell  images,  through  a  Newvi- 
con  tube  video  camera  (Sierra  Scientific  Corp. .  Mountain  View.  CA).  onto 
a  video  monitor  interfaced  with  an  image  array  processor,  and  superimpos¬ 
ing  a  rectangular  cursor  box  at  a  preselected  area  on  the  real-time  image 
of  a  cell.  Transection  of  cytoplasmic  MTs  was  achieved  by  moving  the  xy 
motorized  stage  with  a  joystick  controller  so  that  the  focused  laser  beam 
raster-scanned  in  straight  lines  through  the  entire  cursor  box-outlined  cyto¬ 
plasm  of  a  target  cell.  The  scan  lines  were  parallel  to  the  long  axis  of  the 
cursor  box.  On  average,  it  took  ~8  s  to  transect  MTs  and  produce  a  tran¬ 
sected  zone  in  a  given  cell.  The  predefined  regions  were  always  Id-23  pm 
away  from  the  leading  edges  of  the  cells  and  had  a  width  of  5  pm  across 
the  cells.  For  each  experiment,  several  cells  in  a  Rose  chamber  were 
selected,  marked,  and  MTs  in  the  transected  zones  within  these  cells  were 
dissociated  at  various  time  points  by  the  laser  as  described  above.  The  mi- 
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were  laken  before  jnd  alter  irradiation  Ali.r  treat-.  CM  ,  -  the  I .-ie.v,! 
cell,  die  cells  were  immediately  lived  and  then  po«c  ■  .  *  tor  im-nun.--, 

TCVCMvl*. 

/  mmunofluorescence 

-Xhoiii  20  v  alter  the  last  laser  transection,  the  cells  were  lived  lor  10  .am 
in  I7'?  formaldehyde  in  PBS  with  three  chances  hy  intestine  the  tual.se 
into  the  Rose  chambers.  The  Rose  chambers  were  then  disassembled,  (tie 
cells  on  Ills-  quartz  coverslips  were  permeahilizod  lor  I  nun  in  O  !  '  ltn.,n 
\  lt)0  m  PBS.  further  lived  tor  30  nun  with  the  -  mil-  ti  valise,  and  evtracici 
acaiii  lor  15  min  in  0  1‘7  Triton  VI00  in  PBS  This  treatment  not  only  rap 
idly  lived  the  ceils,  resulting  in  good  preservation  ot  M  Is.  hut  also  gave  vet . 
good  permeahilizatton.  The  lived  and  permeabili/ed  cells  were  incubjicd 
for  I  h  al  37’C  with  anti-u-tubulin  mAb  (Amersham  Corp  .  Arlington 
Heights.  IL)  diluted  1:100  in  PBS.  The  cells  were  then  treed  of  excess  pri 
mary  antibody  by  three  washes  with  PBS  and  incubated  for  30  nun  at  37°C 
with  fluorescein-conjugated  goat  anti-mouse  IgG  +  IgM  (Boehrtnger  Mann 
hetm  Biochemicals,  Indianapolis.  IN)  diluted  1:70  in  PBS.  After  fluuresecnt 
labeling,  coverslips  were  washed  in  three  changes  of  PBS  for  a  total  of  10 
min.  rinsed  with  double-distilled  water,  and  mounted  in  Aquamount  ( Lerner 
Labs.  New  Haven,  CT).  Cells  were  subsequently  examined  with  an  epifluo- 
rescence  microscope  (Carl  Zeiss  Inc.)  equipped  with  the  appropriate  excita¬ 
tion  and  barrier  filters  (Zeiss  filter  set  No.  487710).  All  immunofluores¬ 
cence  micrographs  were  taken  on  Tri-X  Pan  film  (Eastman  Kodak  Co.. 
Rochester.  NY)  using  l-min  exposures,  and  developed  in  Kodak  Mi- 
crodol-X. 

Electron  Microscopy 

The  cells  were  treated  with  the  laser  under  the  conditions  identical  to  those 
described  above.  Immediately  after  the  treatment,  the  cells  were  fixed  for 
10  min  in  3%  glutaraldehyde  in  medium,  washed  with  PBS  twice,  and  fur¬ 
ther  fixed  for  another  50  min  with  the  same  fixative.  Subsequently,  the  Rose 
chambers  were  disassembled,  and  the  locations  of  the  treated  cells  were 
marked  using  a  diamond  pen.  Fixed  ceils  on  th  quartz  coverslips  were 
washed  twice  with  PBS.  postfixed  for  I  h  with  1%  osmium  tetroxide  in  Mil- 
lonig's  phosphate  buffer  (pH  7.0).  and  rinsed  in  the  same  buffer.  The  cells 
were  critical  point  dried  after  dehydration  in  a  graded  series  of  acetone 
(30-100%).  Critical  point-dried  samples  were  then  gold  coated,  and  exam¬ 
ined  with  a  scanning  EM  (model  SEM  515;  Philips  Electronic  Instrument. 
Inc..  Mahwah,  NJ) 

Viability  Assay 

Groups  of  cells  in  a  Rose  chamber  were  marked  in  2-mm-diam  circles  as 
described.  All  cells  inside  the  circles  were  treated  with  the  laser  under  the 
same  conditions  described  above.  Al  various  times  after  the  treatment,  ihe 
cells  were  rinsed  with  PBS  and  stained  with  0.08%  trypan  blue  in  PBS  for 
10  min.  The  cells  inside  the  circles  were  counted  and  the  viability  was  ex¬ 
pressed  as  the  ratio  of  cells  retaining  the  stain  vs.  total  number  of  cells  ex¬ 
amined. 

Data  Analyses 

The  image  processing  system  was  described  previously  (44).  For  analyses, 
negatives  were  imaged  with  a  Newvicon  tube  camera  (model  LST-I:  Sierra 
Scientific  Corp.);  the  images  were  digitized,  processed  with  a  Plessey  6200 
computer  system  (Plessey  Peripheral  Systems,  Irvine.  CA)  equipped  with 
IP-512  image  processing  boards  (Imaging  Technology  Inc..  Woburn.  CA). 
and  displayed  on  a  video  monitor. 

To  determine  accurately  the  location  of  transection  on  a  phase-contrast 
or  fluorescence  micrograph,  we  collected  an  image  from  a  phase-contrast 
or  fluorescence  micrograph,  stored  the  image  in  the  image  processor,  and 
subsequently  superimposed  it  with  soother  image  of  the  same  cell  with  the 
cursor  box  showing  the  predefined  region. 

Average  gray  value  measurements  were  performed  as  follows.  Images  of 
fluorescence  micrographs  (negatives)  were  positioned  in  such  a  way  that  the 
longitudinal  directions  ot'  transection  aligned  with  the  vertical  axis  of  the 
video  images.  An  interactive  mouse-controlled  cursor  box.  with  the  length 
corresponding  to  the  length  of  the  cell,  was  then  displayed  on  the  video  mon¬ 
itor.  The  location  and  width  of  the  cursor  box  was  determined  by  the  criteria 
that  the  cursor  box  should  cover  as  much  of  the  cellular  region  as  possible 
while  minimizing  background  regions.  The  average  gray  values  wuhin  ihe 
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h'lffure  I.  Schematic  representation  of  the  experimental  design.  Two 
arrows  outside  each  cell  indicate  the  transected  rones  within  which 
MTs  are  dissociated  by  laser.  MTs  are  depicted  as  lines  inside  the 
cells  and  the  polarity  of  MTs  is  indicated  by  the  arrows  See  Results 
for  details 


Nh  were  measured,  integrated  in  a  vertical  direction,  and  displayed  as  ' 
summed  histogram  showing  the  variation  in  average  gray  value  vs  horizon¬ 
tal  position  in  a  cell.  The  displayed  histograms  were  recorded  on  Kodak 
Panatomic-X  film  and  traced  onto  transparent  paper  fmm  enlarged  prints 
made  from  the  original  negatives.  1  he  background  average  gray  values  were 
normalized  with  respect  to  those  measured  fmm  a  cell  tired  20  s  after  laser 
transection. 

To  quantitate  MTs  within  the  transected  zones,  we  performed  the  follow¬ 
ing  analysis.  Micrographs  (negatives)  of  lubulin-sumcd  cells  were  imaged 
and  processed  as  described,  and  the  image  contrast  was  optimized  using  sys¬ 
tem  software  A  mouse-controlled  cursor  bos  with  a  width  of  10  pm  and 
length  corresponding  to  the  wid'h  of  the  cell  was  then  superimposed  on  the 
image  to  outline  the  transected  zone.  MTs  within  ihe  cursor  hox  were 
counted  directly  from  the  video  monitor  and  calculated  as  MT  density 
Inumber  of  MTv500  pnv).  The  surface  area  of  500  urn-'  was  chosen  be¬ 
cause  it  was  about  the  average  of  the  surface  areas  of  (he  cursor  boxes 
Quantification  of  MTs  outside  the  transected  zones  was  performed  in  the 
same  way  except  that  the  cursor  box  was  placed  between  the  transected 
zones  and  the  cell  edges  adjoining  the  transected  zones 

Results 

Experimental  Design  and  Rationale 

Most  cytoplasmic  MTs  in  tissue  culture  cells  have  been 
shown  to  originate  from  a  centrosome  or  MT  organizing  cen¬ 
ter  and  to  extend  radially  towards  the  cell  periphery  (31), 
Moreover,  it  is  known  that  MT  assembly  both  in  living  cells 
and  in  vitro  experiments  in  crude  lysates  is  initiated  at  the 
MT  organizing  center  and  that  virtually  ail  the  MTs  have  the 
same  polarity -their  last-growing  ends  distal  to  the  site  of 
initiation  (1,  II.  14). 

To  lest  the  possible  models  of  MT  assembly,  we  used  a 
short-pulsed  laser  beam  to  transect  MTs  in  situ  in  interphase 
PtKj  cells  at  predefined  regions  followed  by  indirect  immu- 
nofluorescent  staining  at  various  time  points  with  antitubulin 
mAb  to  examine  the  behavior  of  transected  MTs.  Under  these 
conditions,  the  treadmilling  and  dynamic  instability  models 
give  distinct  predictions  with  respect  to  the  patterns  of  re- 
growth  or  shrinkage  of  the  transected  MTs.  The  rationale  of 
the  experiments  is  diagrammed  in  Fig.  I. 

According  to  the  trcadmtlling  model,  one  would  predict 
two  different  situations  under  steady-state  conditions.  In  the 
first  instance,  if  MTs  are  attached  to  u  centrosome  or  a  strue- 
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tiir.ti  matrix  by  lateral  linkages  near  their  ends,  tnsuch  a  way 
that  the  ends  remain  free  tor  subunit  exchange  (22.  26).  the 
new  plus  end  generated  by  transection  would  add  subunits 
.nut  the  minus  end  at  the  centrosome  would  lose  subunits  at 
the  same  rate;  similarly,  the  loss  of  subunits  from  the  new 
minus  end  would  be  balanced  by  the  addition  of  subunit' 

I  rout  die  plus  end  of  the  MT  fragment.  Therefore,  the  lengths 
of  the  MTs  would  not  change  and  the  transected  zone  would 
remain  stationary  with  time  (Fig.  I  A).  Secondly,  if  the  an¬ 
chored  minus  ends  of  MTsarc blocked  by  attaching  to  a  cen¬ 
trosome  (20).  the  new  plus  end  would  grow;  but  the  loss  of 
subunits  from  the  new  minus  end  would  be  balanced  by  the 
addition  of  subunits  from  the  plus  end.  Thus,  the  transected 
zone  would  be  filled  in  with  time  from  the  side  in  proximity 
to  the  centrosome  (Fig.  I  B).  In  either  case,  the  treadmilling 
model  would  predict  synchronous  behavior  of  MTs. 

Under  the  experimental  conditions,  dynamic  instability 
would  predict  that  la)  MTs  grow  back  into  the  transected 
zone  individually— thus,  to  replacement  of  laser-dissoci¬ 
ated  MTs  should  occur  MT  by  MT;  and  (b)  the  number  of 
MTs  found  in  the  transected  zone  would  increase  gradually 
at  certain  time  intervals  after  laser  transection.  Furthermore, 
the  GTP  cap  model ,  which  has  been  proposed  as  the  mecha¬ 
nism  of  dynamic  instability,  would  predict  that  transecting 
the  internal  regions  of  MB  would  cause  all  the  transected 
MTs  with  free  exposed  cads  to  be  in  the  rapid-shrinking 
phase,  and  that  a  majority  of  these  shrinking  MTs  would 
catastrophically  depolymeris  to  completion  since  the  phase 
transitions  are  expected  »  be  low  probability  events  (7.  16, 
28).  Therefore,  according  to  the  GTP  cap  model,  one  would 
expect  a  drastic  decrease  w  die  number  of  MTs  in  regions 
proximal  from  the  transected  zones  in  relation  to  the  cell 
nuclei  and  almost  complete  lack  of  MTs  in  regions  distal 
from  the  transected  zones  soon  after  laser  transection. 

Transection  of  Cytoplmmic  MTs  In  Situ  Using  Laser  at 
Accurately  Predefined  Regions 

One  of  the  prerequisites  for  our  experiments  is  that  there 
must  be  a  means  to  transect  MTs  in  living  cells  at  desired 
regions  which  must  be  accurately  relocated  on  subsequent 
analyses.  To  determine  whether  the  short-pulsed  UV  laser 
can  actually  be  used  to  dissociate  MTs  in  a  controlled  man¬ 
ner.  we  focused  the  266-ant  wavelength  of  the  short-pulsed 
Nd/YAG  laser  into  the  cytoplasm  of  interphase  PtK2  cells 
and  manually  raster-scanned  the  focused  laser  beam  through 
the  entire  cytoplasmic  area  outlined  by  a  superimposed  cur¬ 
sor  box  as  described  in  Materials  and  Methods.  The  com¬ 
puter-generated  cursor  bo*  on  a  live  video  image  of  the  living 
cell  determined  the  scan  zone.  The  cells  were  then  fixed,  and 
processed  for  immunoinorescence  ~20  s  after  the  laser 
treatment.  The  typical  results  (Fig.  2)  show  that  the  UV  laser 
indeed  could  uniformly  dissociate  the  cytoplasmic  MTs  in 
situ  at  selected  regions  and  that  such  a  transection  is  a  local¬ 
ized  reaction  because  the  cytoplasmic  regions  outside  the  ir¬ 
radiated  zone  showed  normal  patterns  of  antitubulin  labeling 
(Fig.  2  t).  These  observations  have  been  confirmed  using 
high  voltage  electron  mtcroscopy  (Rieder,  C.  L..  personal 
communication). 

Surprisingly,  the  actual  transected  zone  on  the  immunoflu- 
oresccnt  image  was  M0  uni  in  width,  which  was  wider  than 
the  predefined  region  (Fig.  2  c).  Such  discrepancy  is  likely 
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Figure  2.  Local  dissociation  of  cytoplasmic  MTs  by  laser  at 
predefined  regions,  (a)  Phase -contrast  image  of  an  interphase  PtK; 
cell,  (b)  Image  of  the  same  cell  photographed  from  the  video  moni¬ 
tor  showing  that  the  predefined  region  is  determined  by  the  super¬ 
imposed  rectangular  cursor  box.  (c)  Corresponding  tubulin  staining 
of  the  same  cell  shows  the  lack  of  MTs  in  the  transected  zone  and 
normal  distribution  of  MTs  elsewhere.  Arrows.  predefined  regions. 
Bars.  10  pm. 


due  to  the  large  effective  spot  size  of  the  laser  beam.  This 
is  interred  from  the  following  facts.  (</)  The  cells  fixed  20. 
40.  and  50  s  alter  laser  transection  under  the  identical  con¬ 
ditions  exhibited  almost  the  same  width  of  the  transected 
/ones.  This  argues  against  the  possibility  (hat  the  discre¬ 
pancy  could  have  resulted  from  the  rapid  transient  depoly- 
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merization  at  the  ends  during  the  time  interval  between  tran¬ 
section  and  fixation  since  it  predicts  that  the  widths  of  the 
transected  zones  would  drastically  vary  with  the  time  inter¬ 
val.  ( b )  When  the  predefined  region  was  narrowed,  the  width 
of  the  transected  zone  was  observed  to  be  proportionally  re¬ 
duced.  (c)  When  a  low  magnification  (32x)  objective  was 
used  instead  of  the  lOOx  objective,  the  widths  of  the  tran¬ 
sected  zones  were  reduced,  indicating  that  the  aperture  an¬ 
gles  of  the  objectives  play  a  role  in  determination  of  effective 
spot  sizes  of  the  laser  microbeam. 

Effects  of  Laser  Irradiation  on  Cells 

To  estimate  the  effects  of  laser  irradiation  on  cells  other  than 
on  the  cytoplasmic  MTs.  cell  viability  after  laser  treatment 
was  assayed  using  the  trypan  blue  dye  exclusion  method .  The 
results  (Taole  I)  show  that  almost  all  the  irradiated  cells  sur¬ 
vived  >6  h  after  irradiation. 

Scanning  EM  on  the  treated  cells  was  performed  to  deter¬ 
mine  whether  laser  irradiation  might  have  damaged  the  cell 
membrane.  The  typical  data  (Fig.  3)  reveal  that  there  is 
no  difference  between  the  cell  surface  over  the  irradiated 
regions  and  that  over  control  regions  (Fig.  3,  b  and  c).  There¬ 
fore.  to  the  limits  of  scanning  EM.  there  is  no  detectable 
laser-induced  damage  to  the  cell  membrane. 

The  effect  of  laser  irradiation  on  cell  morphology  is  shown 
in  Fig.  4,  a  and  b  The  results  demonstrate  that  laser  transec¬ 
tion  of  MTs  did  not  induce  remarkable  changes  in  the  over¬ 
all  cell  morphology:  however,  some  subtle  morphological 
changes  after  irradiation  did  occur,  as  shown  by  changes  in 
the  phase-contrast  images  at  the  cell  margins  (open  arrows. 
Fig.  4  b).  Fig.  4  c  reveals  that  the  cytoplasmic  MTs  had  in¬ 
deed  been  transected  and  some  of  the  MTs  grew  back  into 
the  transected  zone  since  the  cell  was  irradiated  10  min  be¬ 
fore  fixation. 

Furthermore,  the  laser-dissociated  MTs  were  completely 
replaced  by  40  min  after  laser  irradiation  (Figs.  5  and  7).  In¬ 
terestingly.  a  couple  of  cells  were  observed  under  the  phase- 
contrast  microscope  to  undergo  mitosis  within  I  h  after  laser 
irradiation.  This  indicates  that  the  laser  irradiation  under  the 
experimental  conditions  did  not  interfere  with  the  cellular 
processes  of  transition  from  interpha.se  to  M  phase  (not 
shown).  General  observations  of  time-lapse  video  tape  im¬ 
ages  of  the  cells  after  irradiation  revealed  normal -appearing 
cytoplasmic  particle  transport  in  nonirradiated  regions  (our 
unpublished  data). 

All  these  results  strongly  suggest  that  any  possible  pertur- 
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Figure  1  Seaming  electron  micrographs  of  a  laser  irradiated  PtK:  celt  showing  no  detectable  membrane  damage,  (a)  Low  magnification 
view  of  the  PtK:  cell  in  which  the  cytoplasmic  MTs  were  dissociated  using  the  laser  at  dre  legion  indicated  by  arrows.  The  upper  and 
lower  boxes  in  a  indicate  the  boundaries  of  the  field  shown  at  higher  magnificat  ion  in  b  and  c.  respectively,  (b)  High  magnification  view 
of  the  cell  surface  at  an  untreated  region,  (c)  High  magnification  view  of  the  cell  surface  over  the  irradiated  region.  Bars:  (a)  10  pm; 
( b  and  c)  I  pm. 


bative  effects  of  the  laser  irradiation  on  the  cells  is  minimal 
under  the  experimental  conditions  used. 

Replacement  of  Laser-dissociated  MTs  Occurs 
Individually  with  No  Synchronous  Behavior  of  MTs 

To  address  the  question  whether  the  transected  MTs  behave 
individually  or  synchronously,  we  have  fixed  and  stained  the 
cells  with  monoclonal  antitubulin  at  various  time  points  after 
the  laser  transection  of  the  cytoplasmic  MTs.  Representative 
results  from  such  experiments  are  shown  in  Fig.  5.  At  20  s 
after  irradiation,  the  earliest  time  at  which  we  are  able  to  in¬ 
ject  the  fixative  into  the  Rose  culture  chambers,  we  detect  no 
MTs  in  transected  zones  with  a  width  of  MO  pm,  and  the 
new  MT  ends  created  by  transecting  the  internal  regions  of 
the  MTs  are  evident  (Figs.  2  and  5  a).  The  cells  fixed  9.  13, 
and  19  min  after  laser  transection  (Fig.  5,  b-d)  show  a 
progressive  increase  in  the  number  of  MTs  in  the  transected 
zones,  indicating  that  the  transected  and  newly  initiated  MTs 
grow  back  into  the  transected  zones  individually.  Some  ends 
of  the  MTs  can  be  easily  seen  in  the  area  within  or  across 
the  transected  zones  and  in  the  area  distant  from  the  tran¬ 
sected  zones.  Since  all  the  free  new  MT  ends  produced  by 
the  transection  were  initially  in  line  at  the  edges  of  the  tran¬ 
sected  zone,  we  refer  to  the  MTs  with  ends  that  lay  within 
or  across  the  transected  zones  as  growing  MTs,  and  to  MTs 
with  ends  that  lay  distant  front  the  transected  zones  as  shrink¬ 
ing  MTs  The  growing  and  >hrmkmg  MTs  can  be  found  from 


both  sides  of  the  tnusected  zones.  At  28  and  35  min  after 
laser  transection,  almost  all  the  MT-depleied  zones  are  re¬ 
placed  by  newly  grown  MTs  and  the  ends  of  the  MTs  near 
the  transected  zones  can  only  be  seen  occasionally  (Fig.  5, 
e  and  /).  By  55  min  after  the  transection,  there  is  no  differ¬ 
ence  between  the  MT  distribution  of  treated  cells  and  those 
of  control  cells  (Fig.  5  g). 

To  determine  the  average  properties  of  the  regrowth  or 
shrinkage  of  transeded  MTs.  we  have  used  computerized  im¬ 
age  analysis  to  measure  the  average  gray  values  in  digitized 
tubulin-stained  images.  In  any  given  cell,  the  average  density 
of  tubulin  staining  should  be  proportional  to  the  average 
number  of  MTs,  and  the  average  staining  density  can  be 
reflected  by  the  average  digitized  gray  values.  The  normal¬ 
ized  average  gray  values  were  measured  as  a  function  of 
horizontal  position  in  the  cells,  integrated  in  the  vertical 
direction,  and  plotted  as  a  summed  histogram.  Fig.  6  is  typi¬ 
cal  of  these  measurements  and  shows  that  there  is  no  syn¬ 
chronous  regrowdt  or  shrinkage  of  the  transected  MTs.  Cells 
fixed  and  stained  20  s  after  laser  transection  showed  10-pm- 
wide  troughs  in  the  transected  zones  in  the  summed  histo¬ 
grams  (Fig.  6,  T  =  20  ,v|,  indicating  the  depletion  of  MTs 
in  those  regions.  With  time  the  troughs  gradually  shallowed, 
indicating  an  increase  in  the  number  of  MTs  in  those  regions. 
This  is  contrary  u  the  two  predictions  of  the  treadmilling 
model  (Fig.  I.  A  and  B\.  which  in  this  case  would  predict 
that  with  time  the  trough  would  either  remain  unchanged  or 


Figure  4.  Effects  of  laser  irradiation  on  cell  morphology.  Phase- 
contrast  micrographs  of  a  PtK.<  cel!  (a)  before  and  lb)  2  min  after 
irradiation.  Open  arrows  in  b  depict  the  morphological  changes  that 
occurred  after  irradiation.  The  corresponding  tubulin  staining  of 
the  same  cell  fixed  10  min  after  irradiation  (<•)  shows  the  iransectmn 
of  MTs.  The  predefined  regions  were  indicated  by  small  arrows  out¬ 
side  the  cells.  Bars.  10  pm. 

get  narrower.  On  the  other  hand,  such  behavior  of  the  MTs 
can  be  explained  by  dynamic  instability. 

Transected  MTs  With  Free  New  Ends  Do  Not 
Quickly  Disappear 

Another  result  from  the  above  experiments  is  that  the  ma¬ 
jority  of  MTs  with  free  new  ends  generated  by  tn  situ  laser 


transection  do  not  immediately  depolymerize  to  completion, 
and  the  free  minus  ends  of  these  MTs  are  relatively  stable. 
If  shrinking  MTs  rapidly  disassemble  to  completion  and  the 
free  minus  ends  of  these  MTs  were  unstable,  a  drastic  de¬ 
crease  in  the  number  of  MTs  in  regions  proximal  from  tran¬ 
sected  zones  in  relation  to  the  cell  nuclei,  and  a  total  lack  of 
MTs  in  regions  distal  from  transected  zones  soon  after  the 
transection  would  be  expected  because  transecting  the  inter¬ 
nal  regions  of  MTs  would  result  in  all  the  transected  MTs  en¬ 
tering  the  shrinking  phase.  Fig.  5.  b-d,  along  with  Fig.  4  c, 
shows  that  most  transected  MTs  do  not  disappear  for  periods 
of  more  than  10  min,  and  there  is  no  drastic  decrease  in  the 
number  of  MTs  or  MT  density  on  both  sides  of  transected 
zones,  indicating  that  most  transected  MTs  do  not  rapidly 
depolymerize  to  completion.  This  is  more  obvious  for  the 
MTs  with  free  minus  ends,  and  some  of  the  free  minus  ends 
can  be  detected  in  cells  fixed  19  min  after  transection  (Fig. 
5  d). 

Quantitative  Analyses  of  Transected  MTs 

To  further  confirm  the  above  results,  we  have  examined  nega¬ 
tives  for  84  cells  and  quantitated  the  number  of  MTs  both  in 
transected  zones  and  in  regions  on  the  distal  side  (toward  the 
leading  edges  of  the  cells)  of  the  transected  zones  as  a  func¬ 
tion  of  time.  Although  the  cells  selected  for  this  study  had 
similar  size  and  morphology,  relatively  small  variations  in 
cell  sizes  and  in  MT  density  were  observed.  The  variations 
in  cell  sizes  were  overcome  by  converting  the  number  of  MTs 
to  MT  density,  and  variability  in  MT  density  was  estimated 
by  conducting  the  same  measurements  on  untreated  cells.  To 
facilitate  tracking  of  individual  MTs,  the  immunofluorescent 
images  were  digitized  and  processed  as  described  in  Mate¬ 
rials  and  Methods.  The  digital  processing  enhanced  the  con¬ 
trast  in  MT  and  nonMT  regions.  Individual  MTs  in  regions 
from  several  micrometers  away  from  the  side  of  a  transected 
zone  in  proximity  to  the  nucleus  all  the  way  to  the  cell  leading 
edge  can  be  readily  tracked  on  the  video  monitor.  Fig.  7 
confirms  that  the  number  of  MTs  in  transected  zones  in¬ 
creases  progressively  with  time  and  that  by  ~30  min  after 
transection  of  MTs.  the  laser-dissociated  MTs  are  completely 
replaced  by  newly  grown  MTs;  consequently,  the  half-time 
of  such  a  replacement  is  calculated  to  be  ~I0  min.  When 
quantitating  the  number  of  MTs  in  the  regions  between  the 
transected  zones  and  cell  edges,  however,  we  have  again 
found  that  most  transected  MTs  do  not  catastrophically  dis¬ 
assemble  and  these  MTs  which  have  free  new  minus  ends 
persisted,  although  the  number  of  MTs  slightly  decreases  at 
the  beginning  (20  s  to  7  min)  and  then  increases  with  time 
in  comparison  with  control  cells  (Fig.  8). 


Discussion 

We  have  developed  a  new  approach  to  study  the  mechanism 
of  cytoplasmic  MT  turnover  by  combining  laser  microsur¬ 
gery  with  immunocytochemistry.  This  method  avoids  some 
of  the  possible  drawbacks  of  other  techniques  such  as  an  in¬ 
crease  in  intracellular  tubulin  concentration  and  total  cell 
volume.  The  data  presented  here  show  that  the  majority  of 
cytoplasmic  MTs  in  interphasc  cells  exhibit  individuality  of 
growth  and  shrinkage  after  transection  of  the  MTs,  and  the 
half-time  of  complete  MT  replacement  alter  laser  transection 
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is  estimated  to  he  MO  min.  compatible  with  other  in  vivo 
and  in  vitro  studies  of  end-dependent  MT  assembly  (17. 
37-39).  Simultaneous  growth  or  shrinkage  of  all  MTs  was 
never  observed  under  the  experimental  conditions.  These 
results  are  contrary  to  the  predictions  of  the  treadmilling 
model,  and  suggest  that  a  majority  of  cytoplasmic  MTs  in 
cultured  cells  exhibit  some  properties  of  dynamic  instability 
<  individual  legrowth  and  shrinkage).  On  the  other  hand,  our 
results  also  show  that  the  exposure  of  the  core  of  the  MTs. 
which  is  expected  to  consist  almost  completely  of  GDP- 
t-bulin  subunits  according  to  the  GTP  cap  model,  by  tran¬ 
secting  the  internal  regions  of  the  MTs  does  not  render  the 
remaining  polymer  catastrophically  disassembled,  and  most 
transected  MTs  with  exposed  free  minus  ends  do  not  quickly 
disappear.  This  is  not  in  agreement  with  the  predictions  of 
GTP  cap  model,  and  suggests  that  under  in  vivo  conditions, 
other  factors  in  addition  to  the  hydrolysis  of  GTP  need  to  be 
involved  in  modulating  the  dynamics  and  stability  of  these 
dynamic  cytoplasmic  MTs. 

It  has  been  demonstrated  that  MT-associated  proteins  bind 
to  the  outside  surface  of  MTs,  altering  the  energetics  and  ki¬ 
netics  of  their  assembly  and  disassembly.  In  addition,  certain 
divalent  cations  such  as  Mg1*  and  CaJ*.  etc.,  have  been 
shown  to  affect  MT  assembly  and  disassembly.  Based  on  the 
fact  that  most  transected  MTs  with  free  new  ends  in  PtK2 
cells  do  not  quickly  disappear,  we  propose  that  in  vivo  the 
hydrolysis  of  GTP-tubulin  may  not  cause  a  rapid  disassem¬ 
bly.  Rather  it  would  change  the  interactions  between  the 
subunits  in  the  polymer  only  to  such  a  degree  as  to  permit 
the  GDP  polymer  to  exist  in  a  metastable  state.  This  structur¬ 
ally  stable  GDP  polymer  may  then  be  further  stabilized  or 
induced  to  rapidly  disassemble  by  other  factors  such  as  MT- 
associated  proteins,  and  Cal*  etc.,  and  it  may  exchange 
with  either  free  GDP-tubulin  or  free  GTP-tubulin  at  an  MT 
end  with  different  rates.  Under  certain  conditions,  more  than 
one  kind  of  factor  may  simultaneously  act  on  MTs,  and  some 
of  them  may  eveu  act  randomly.  One  recent  study  has  also 
suggested  the  presence  of  factors  in  Madin-Dartty  canine 
kidney  cells  which  stabilize  the  noncentrosomai  cytoplasmic 
MTs  (4).  These  factors  may  play  important  functional  roles 
in  modulating  the  dynamics  and  stability  of  MTs  in  vivo.  Al¬ 
though  the  hypothesis  discussed  above  can  well  explain  the 
stability  of  MTs  with  exposed  free  ends  in  cells,  the  possibility 
could  exist  that  the  laser  somehow  “cauterized*  the  tran¬ 
sected  MT  ends  so  that  they  were  no  longer  reactive.  How¬ 
ever,  the  following  observations  argue  against  this  possibil¬ 
ity:  (a)  the  laser-dissociated  MTs  are  completely  replaced, 
and  the  time  course  of  such  replacement  is  compatible  with 
other  in  vivo  and  in  vitro  studies  of  MT  assembly  using 
different  methodologies;  and  ( b )  irradiated  cells  incubated  at 
4*C  for  periods  of  15-30  min  show  a  complete  loss  of  fibril¬ 
lar  MT  staining  even  in  the  irradiated  regions,  suggesting 
that  the  MT  ends  are  able  to  undergo  a  net  loss  of  tubulin 
subunits  under  depolymerizing  conditions. 

The  observed  replacement  of  laser-dissociated  MTs  in  the 
transected  zone  is  unlikely  to  be  explained  by  some  form  of 
active  sliding  of  the  MTs.  First,  if  ihe  transected  MTs  ac¬ 
tively  slid  into  the  transected  zone,  then  a  number  of  short 
MTs  with  both  etids  free  would  be  present  in  regions  around 
the  transected  zone  soon  after  the  transection,  and  these 
short  MTs  would  be  accumulated  with  time  while  the  tran¬ 
sected  zone  gradually  refilled  with  MTs.  However,  when  we 


performed  our  quantitative  analyses,  individual  MTs  in  re¬ 
gions  around  the  transected  zones  were  traced  from  a  video 
monitor  after  computer  enhancement,  and  no  such  short 
MTs  with  both  ends  free  were  found.  Second,  the  observed 
time  course  of  replacement  of  laser-dissociated  MTs  in  the 
transected  zone  is  much  too  slow  to  be  explained  by  the  ac¬ 
tive  sliding  of  MTs.  As  our  data  showed,  it  took  about  30  min 
to  completely  refill  the  10-pm-wide  transected  zone  with 
MTs;  but,  the  reported  rate  of  active  sliding  of  MTs  of  the 
same  polarity  ranges  from  0.2-16  pm/s'1  (21.  29,  32.  33, 
35,  43).  Apparently,  the  expected  time  course  of  refill  of  the 
MT-dcpIcted  zone  by  some  form  of  active  sliding  of  the  MTs 
would  be  much  faster  than  the  observed  time  course,  even 
when  the  lowest  reported  rate  of  MT  sliding  is  considered. 

It  is  necessary  to  emphasize  that  our  results  may  be  limited 
to  cultured  inteiphase  cells  whose  MTs  are  dynamic  and  un¬ 
dergoing  constant  remodeling.  It  is  known  that  MTs  in  some 
terminally  differentiated  cells,  such  as  neurons  and  mature 
chicken  erythrocytes,  have  distinct  properties  which  differ 
from  those  of  MTs  in  cultured  cells.  These  MTs  are  more  sta¬ 
ble  and  lack  MT  organizing  centers  (6,  19).  In  these  cases, 
the  stability  and  possible  lateral  interactions  of  MTs  appear 
to  be  more  important  than  the  dynamic  aspects  of  MTs  in  or¬ 
der  for  the  MTs  to  perform  their  functions.  Different  mecha¬ 
nisms  may  be  needed  to  be  involved  to  achieve  such  stability 
and  spatial  organization. 

In  mammals,  the  a  and  P  tubulins  ate  encoded  by  mul¬ 
tigene  families  (reviewed  in  reference  P).  and  it  seems  that 
more  than  one  gene  for  die  tubulins  are  expressed  in  any  cell 
type  at  any  time,  which  results  in  the  presence  of  multiple 
tubulin  isotypes  in  a  ceil.  The  existence  of  different  tubulin 
isotypes  led  »  speculation  that  distinct  kinds  of  MTs  might 
be  assembled  from  or  enriched  in  one  or  more  tubulin  iso¬ 
types  (12).  Therefore,  it  raises  the  possibility  that  there  might 
exist  subsets  of  MTs  with  different  properties  in  cultured 
cells  due  to  the  structural  difference  in  isotype  contents. 
However,  very  recent  studies  have  demonstrated  that  in  cul¬ 
tured  cells  these  isotypes  form  mixed  copolymers  and  appear 
to  function  interchangeably  (3,  24).  It  has  been  shown  that 
the  coexistence  of  two  populations  of  MTs  in  cells  with 
different  stabilities  which  could  probably  result  from  post- 
translational  modification(s)  or  binding  of  MT-associated 
proteins  along  their  length  is  possible.  However,  not  only  do 
the  dynamic  MTs  represent  80%  of  all  MTs  while  stable  MTs 
only  represent  20%  bin  also  the  overall  shapes  and  spatial 
distributions  of  these  two  populations  are  quite  different 
from  one  another.  The  stable  MTs  are  curly  or  kinky,  com¬ 
pared  to  the  dynamic  MTs  which  are  usually  straight  and 
cluster  around  the  nucleus  and  centrosome.  In  addition,  the 
stable  MTs  rarely  extend  to  the  cell  periphery,  as  opposed  to 
the  dynamic  MTs  many  of  which  reach  the  cell's  edge  (4, 13. 
39).  Since  the  transected  zones  chosen  for  this  study  are  lo¬ 
cated  relatively  far  away  from  the  nuclei,  the  stable  MTs 
which  would  be  found  within  the  transected  rones  represent 
a  very  small  fraction  of  all  the  MTs  in  those  regions.  There¬ 
fore,  any  possible  diversity  in  MT  assembly  resulting  from 
the  coexistence  of  stable  and  dynamic  populations  of  MTs 
would  nuke  a  very  small  contribution  to  the  observed  MT 
behavior  after  laser  transection  in  situ.  It  is  possible  that 
mechanisms  for  the  turnover  of  such  a  small  percent  of  stable 
MTs  nuy  be  different  from  that  tor  the  turnover  of  dynamic 
MTs.  It  is  noc  surprising,  however,  if  we  come  to  think  these 
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Figure  5.  Regrowth  of  MTs  ifter  transection.  Phase  contrast  and  corresponding  antitubulin  •awescence  of  cells  whose  MTs  were  laser 
dissociated  in  the  transected  zones.  Arrows,  predefined  regions.  The  cells  (fluorescent  micrographs)  were  fixed  20  s  and  9.  13.  19.  28. 
3$.  and  35  min  after  laser  transection,  respectively,  and  then  stained  with  3ntitubulin  mAh.  Ran.  10  pm. 


MTs  may  have  specialized  functions  and  be  involved  in  such 
diverse  processes  as  intracellular  transport  or  sensing  of  en¬ 
vironmental  changes  coupled  with  communication  of  the  sig¬ 
nal  to  the  nucleus. 

At  present,  the  exact  identities  of  the  factors  that  regulate 
the  dynamics  and  stability  of  MTs  in  vivo  and  the  molecular 
mechanism  by  which  they  would  function  are  still  unclear 
Elucidation  of  these  (actors  is  fundamental  to  achieving  a 
better  understanding  of  cell  function. 
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6.  Average  properties  of  the  MT  behavior  as  a  function  of 
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the  digital  image  of  a  cell.  Distance  was  measured  from  one  side 
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control  cells. 


Figure  7,  Increase  in  the  number  of  MT*  in  transected  /ones  with 
time.  The  MT  density  in  both  control  cells  (on  the  left  side  of  the 
arrow)  and  experimental  cells  (on  the  right  side  of  the  arrow)  was 
measured.  The  data  points  urc  collected  from  one  (solid  circle),  six 
(ttfwn  triangle),  and  nine  cells  Utpen  w /m/re),  respectively.  .4rrou  . 
the  time  at  which  MTs  were  transected  in  situ. 
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Figure  8.  Quantification  of  MTs  in  regions  distal  front  the  tran¬ 
sected  zones.  The  MT  density  in  both  control  cells  (on  the  left  side 
of  the  arrow)  and  experimental  cells  (on  the  right  side  of  the  arrow ) 
was  measured.  Arrow,  the  time  at  which  MTs  were  transected  in 
situ.  Solid  circles,  data  from  single  cells;  enor  bars.  SDs. 
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